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ABSTRACT 

A iiach— Zehndsr i nter t arometr i c fiber opbic gradient 
^‘/d^ophane, for operation at 632- S nm wavelength, was 
designed and const?-"uct ed for testing in the laboratory. Two 
,"d"' /iduai fiber optic hydrophone sensing coils with 10 m of 
fiber each were wound and potted on an epo>cy rriandrel and 
thseir f^esDecti ve sens! t i v'i t i es were obtained. The'*/ then were 
iV.ounled on a rigid bar, separated by 10 cm, to form a 
“ = 'adient hy'drophone. The sensitivity of the this arra.nQement 
tr?en v-?as obtained in a calibrator which allowed the coil 
pc-ir to Le rotated 360^. 

Sir?ce the l aboratory 1 nterf erometr i c svstern was too 
lar:: 5 r to be used in the sea. trial tests, a. second interfero~ 
"S' ' i c e'-stem.:; ooeratinq at S30 nm wavelength, using diode 
la.Ber- vjas designed and constructed. This was mounted in an 
e- r er 1 oar tel apparatus- designed and constructed for sea 

A sea trial of a standard Navy type DIFAR hydrophone 
wee conducted to test the effectiveness of the bk peri mental 
aoparatus. The results of the laboratory tests are 
sLJmmarized and discussed and r eccmmendat i ons for further 
s t u dies -are p r esen t e d . 
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I. INTRODUCTION 



A- BACKGROUND 

The concept of light transmission in a dielectric 
medium, was first demonstrated before the Royal Society in 
1S5^ by John Tyndell. Alexander Graham Beil, in 1880, 
proposed use of light waves for telecommunications CRef.lD. 
At the birth of optical fiber technology, more than fifteen 
years S-Qo, the light losses sustained in the fiber were 
close to 1000 dB/km CRef.2I. By 1970, research in England 
had lowered this to 150 dB/km. In 1970, researchers in both 
the United States and Japan lowered the losses in optical 
fiber to 20 dB/km CRef.3II. 

During the mid 1970 's, advancements were made in 
material processing, fabrication of optical fibers, coupling 
devices, cables, sources and detectors. The loss in the 
single—mode optical fiber is now as low as to 0.01 dB/km. 
This is very close to the intrinsic loss expected, for pure 

di Q'ZZ • 

As technology matured it was found that optical fiber 
could be used as a transduction element as well as a 
transmitter of i nf ormat i on . Various physical perturbati ons 
»may be sensed, such as acoustic, magnetic, thermal , linear 
and rotational motion, strain, etc. CRef.43. Optical fibers 
sensors offer the potential for increased sensitivity as 

12 



*_ 0 !T>Dcr*r'ed ro more conventional technology and mav' be 
conriqured in arbitrary shapes. Additional advantages of 



1 1 c n t w e 1 G h t 


and 1 ow 


cost construct i on . 


contribute 


to the 


fa“t that mrir^ than 


60 different types 


of optical 


f 1 ber 


s e n s o r s a r e 


now bei 


ng i nvest i gated or 


are already 


in use. 



"^hese sensors range from simple on /off fluid level 
^ no i caters to the mo^e sophi st i cated i nterf erometr i c 
c-nf i gu.ra t i one = The individual devices are usually either 
amolitude or phase ( i nterf Brometri c ) sensors* In the 
amplitude case* the physical perturbation interacts with the 
f 1 be*"^ to directly" modulate the intensitv of the iicht in the 
fibe^* The perturbation modulates the optical phase of the 
"oherent light in the ^iber= using an i nterf erometr i c 
system, the optical phase modulation is converted to optical 
^ t e n s i t V' rn o d u 1 a t i o n * 

In Chapter II the theory of light propaqation, phase 
ncGulaticn. conversion to intensity modulation, interfero- 
-et?-"ir syste?Tis and gradient sensors will be discussed in 



B= PURPOSE OF STUDY 

In 1977* the feasibility of a fiber optic acoustic 
sensor for underwater sound reception was demonstrated 
CRef* 5 6j= Significant progess has been achieved since in 

tine areas of enchancement of acousto—opt i c tr 



ansduct i on 



h^nisns* component devei opment and sensor packaging -for 
•fiber optic sensor 2 Z< ~7j. 

A block diagram of a basic -fiber optic interferometric 
tern is shown in Figure i.l. This system is an optical 
erferometer and has a laser source, input /output 
pler-s. a sensor arm, a reference arm, photodetectors and 
smodulation (signal processing) unit- 
Ta!::inq advantage of the intrinsic dual path Psature of 
s type of system, by using each arm as a separate sensor 
a di f f e^enti al design, a fiber optic gradient hydrophone 
developed and tested in an earlier phase of the present 
ject CRef= B1 . The geometric conf r i gurat i on used is shown 

The aim of research described in this thesis was to 
kace the fiber optic gradient i nterf erometr i c system 
^ S and obtain sensitivity data in the iabora.tory, 

aln sea trial data, and compare the results to those 
ained with a convent i onai pi ezoei ectr i c gradient 
rophone of the type currently used by the Navy in 
an B.1 son ob ouy ap p 1 i c a t i on s * 

FORMAT QF THE REPORT 

The following topics are considered in Chapter II: the 

D^etical basis of the convent i onai gradient hydrophone 
ration, the calibration of gradient hydrophones, and the 
avior of the i nterf erometri c type sensors used in this 
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Figure 1.1 Fiber Optic Interferometric Hydrophone 





SIG 

PROC 



•BOTH SENSOR AND REFERENCE 
COIL INSONIFIED 

•DETECTS SPATIAL VARIATION 
IN EXCITATION FIELD 



Figure 1.2 Fiber Optic Interferometric Gradient Hydrophon 



-t-L-dVo Dt-TLa. 1 1 E- C't thE c OD st r ucc 1 OH of "thE fiber Qptic sensor 
•Eyster*s, a. calibrator for gradient hydrophones, and the sea 
t^“iai apparatus are presented in Chapter III. Specifications 
cr: the 1 r? St r umen t at i on used for data acquisition, also are 

listed in Chapter III. The e.^ per i mental procedures used to 
establlsn the character i s-t i cs of the system.? data acquisi — 
ticn tecnnlGues-s and the results of sensitivity measurements 



I d i / 1 d u a 1 an d q r ad i en t hydrophones are d i sc us sed i n 



Ti_J 



An a 1 y s i s of the data and i n t er p r e t a t i on of the 



■-"eauits are also presented in Chapter iV. Chapter V contains 
_c*rcluding remarks and r ecommendat i ons- for further work. 

>: A is a copy of the computer program used to gather 
and process i nter f erometer data for the PZT and fiber optic 
c.'^adient hvdrDphones= Apoendix B lists data obtained for 
s-i ncl e element fiber ootic hydroohones operatinq at He^Ne 
Elenct- = s i.e. 632=0 nanometers. Appendix C lists data 
: b t a i n ed f or a d u a 1 el emen t 632 .8 n m fiber ootic g r ad i en t 

- o-hone = Appendix D contains data obtained in a sea trial 
_f e piezoelectric EjIFAR gradient hydrophone. 
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1 1 . THEORY 

GNvENTIGNAL GRADIENT HYDROPHONE^ 

^ fTjany in stances, inf or mat ion on the direction of 
ence of an acoustic signal is required, in addition to 
cQustic pressure level. Usually this is achieved by 
pie hydrophones which are spatially distributed in a 
defined fashion, a vertical or horizontal line 

= The simplest of these directional arrays consists of 
r of omni di recti oai hydrophones that form a dipole 
r the Qutpu.t of which is the difference of the 
idu.al hydrophone outputs. The electrical output of a 
electric dipole pair is proportional to the pressure 
ent of the sound field as described by Mills CRef. S3, 
ure Gradient hvdroonones have a dioole. or f ioure^ 

, directivity ps.ttBrn as sketched in Figure 2 .I 5 hence 
are bi dl r ect i onal . Assuming the hydrophone size is 
compared to the acoustic wavelength \ of the sound 
5 the dipole response when oriented at any angle Q 
ive to an incominq plane pressure wave is proportional 

he fiber optic gradient hydrophone considered in this 



his chapter is a summary of the discussion psresented b 
in Ref’. S. 



IS 



& 




Figure 2.1 Directivity Pattern of Pressure Gradient 
Hydrophone 
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study is of this similar dipole type= Therefore, to 
illustrate its operation, assume two small pressure hydro- 
phones are placed a small distance d apart, with d << in 

a stariding acoustic wave field P(x,t), as indicated in 
Figure 2»2= The dimensions of the two hydrophones are 
assumed to be much less than the wavelength of the acoustic 
fields The presence of the hydrophones is assumed to have a 
r?eolioible influence on the sound field. 

Consider the plane sinusoidal standing wave shown in 
Figure 2.3. The instantaneous acoustic pressure, P(x,t) is 
given t)yi 

P(K,t) = Posi n E kK (2.1) 



Pc 3 is the peak acoustic pressure, k is the propagation wave 
number k = 2 TT^ \ ? >< is the distance of one of the 
hyd^-ophQ^BS from the pressure nodal point, CJ i b the angular 
frequency of the acoustic wave and t is time- Using the 
assumption sin kx = kx , for small values of kx , the equation 
can be written as: 



( 2 . 2 ) 



As - i ndi cated 5 both individual hydrophone are a distance 
X = d/2 from a standing wave pressure node (x = 0). The 
pressure difference, A P between these locations can 
expressed as: 



then be 




d -^distance between hydrophones 

M^—free-fi^ld voltage sensitivity 
for individual hydrophone 



Figure 2.2 Geometry Used in Deriving Sensing Characteristics 
of Acoustic Dipole (Pressure Gradient) 
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p 



Figure 2. 




3 Pressure Distribution as Function of Distance 
from Null Pressure Point 
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^ F* — F'-i-clx:2 ~ p — ci/'Z (2.3) 

AP = Pc, kd (2.4) 

l^hen the individual hydrophones are equidistant from a 
pressure node, as assumed here, the pressure difference is a 
maximum. On the other hand, if the center of the pair is 
located at a pressure anti node, pressure difference is a 
mi ni «Tum. 

B. CALIBRATION OF GRADIENT HYDROPHONES 

Usually in practice, pressure gradient hydrophones are 
calibrated in terms of pressure- The sensitivity of a 
pressure gradient hydrophone is usually given in terms of 
vcl ts/mi cropascai (V/^Pa), specified at particular 
frequency CRef. iOl. Plane progressive waves are specified 
in the definition of free—fieid voltage sensitivity. Because 
of the difficulties in obtaining free~field conditions at 
low frequencies, in the present study a standing wave tube 
described in Chapter III Section A, was used. 

According to Mills CRef. S3, a free surface standing- 
wave tube system satisfies the following rel at i onshi ps in 
the ideal case (i.e., SWR = <X) ) : 

p = Po sin kh (2-5) 

u = (Po/pc) cos kh (2.6) 



p/u = yO c tan kh 



(2.7) 



here h is the distance from the air~water inter-face. 

Its is assumed that the hydrophones have negligible e-f-fect 
on the standing wave pattern- 

In this report, -fiber optic hydrophone -free— field 
sensitivity is expressed in terms of mi cror adi an/mi cropascal 
(/i rsd/fl Pa). And rather than expressing gradient hydrophone 
sensitivity in terms of pressure sensitivity at a particular 
frequency the fiber optic gradient hydrophone sensitivity is 
expressed in ^ rad/y[^ Pa/cm. The procedures to obtain fiber 
optic hydrophone sensitivities are discussed in Chapter IV. 

C= FIBER OPTIC ACOUSTIC SENSOR CONCEPTS 

Laser light transmitted by optical fibers submerged in a 
liquid medium may be modulated (intensity or phase) by 
acoustic pressure variations. Only phase modulation of such 
an acousto-optic sensor system will be considered here. A 
detailed discussion of the theory of phase modulation is 
presented by Davis, et ai CRef. 71. 

Ulhen an external pressure field (AF> is applied to the 
optical fiber it changes the fiber's physical characteris- 
tics. Changes can occur in the core radius, core length, and 
the optical indices of refraction in the core and cladding 
ERef, 5 and Ref. 61. The pressure induced changes of index 



and of length cause an optical phase shift 




by: 
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A 0 = nke, X r ( l/n> (dn/dP) + ( 1 /^ > (d ^ /dP) 3 P 



( 2 . 8 ) 



where n ie the optical index oi refraction of the core, ko 
is the propagation constant of light in the fiber, P is the 
acoustic pressure and Jl is the length of the fiber subject 
to the pressure. The pr essure~i nduced length change (d>?/dP) 
is the dominant factor at low frequencies for a free or 
mandrei wound fiber. 

Using a single frequency laser source, the time 
variation of the electric field vector of the lightwave may 
be ex Dressed as: 

E(t) = Ecd expC j C(jJc=»t A sin(CJ-t)l> (2.9) 

where (Jc is the angular frequency of the coherent laser 
source 5 GJ« is the angular frequency of the sound field and 
A IS the phase shift amplitude. 

Tc detect such phase modulation i nterfer ometr i c 
techniques must be employed. The laser light is first split 
and then sent through both the sensor fiber and reference 
fiber, these form the i nterf erometr i c system, and are then 
recombined to give an intensity (amplitude) modulation prior 
to detection by the photodetectors. The total electric field 
at the photodetector may be expressed as: 

E-r = Ei(t) + E^it) (2.10) 

Ei(t) is the electric field vector from the sensing arm 
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and E 2 (t) is the electric -field vector -from the reference 
arm (or for a gradient system, for the second sensing arm). 

The intensity I(t) of the recombined beams is 
proportional to the magnitude of the square of E-r. 
r4egl acting terms that vary at angular frequency GJo and 
2CJ^, since they are undetectable by the photodetector , I (t) 
may be written as: 

I(t> Oi Ei=/2 + E 2 = /2 + Ei-Es cos0J„(A) 

2Ei'E 2 sin(^Ji(A) sinGJ.t 
2Ei’ E= cosC^JsCA) CDs2GJ»t 

2Ei- Ez sin(^J3(A) sinSCJ.t + (2.11) 



where E% and represent spatial vectors and 
the fact that the polarization directions may 



make explicit 
not be the 



S3 me 



Thus, from equation (2.il), the resulting intensity 
function consists of a series of harmonics of the acoustic 
frequencies. The amplitude of each successive harmonic is a 
function of the acoustic pressure and varies as the Bessel 
function of correspondi ng order CRef. 81. 

These recombined variations of optical intensity are 
detected with photodetectors to produce an electrical 
signal. Thus the resulting photodetector current has - 
components of the following form: 



i ( t ) = i o c 



OO 

QS0f Jc(kK) + 2^J^„(kK) cosC2n (GJ.t) :> 



OO 



/?=/ 



- 1 < 



sin(^C2 / J 2 r,-i(kx) si n C (2n + l ) ( GJmt ) 3 > (2.12) 

•where Jr» is the Bessel function of order n, CD i* 



.5 a non 

accList i cal i y induced phase shift (which itself may change 
due to changes in temperature, for example), k = 27T/X is 
the optical wave number in the fiber, and x is the amplitude 
of the acoustically induced optical path-length change. 
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III. EXPERIMENTAL APPARATUS 



A. ACOUSTIC CALIBRATOR 

In an earlier etudy CRe-f. 81, an acoustic calibrator had 
been constructed to calibrate fiber optic gradient hydro- 
phones. However, this could be used only with the axis of 
colls of the hydrophone aligned along the axis of the 
calibrator. Since the gradient hydrophone now being tested 
is a rigid structure with the individual hydrophone coils 
mounted 10 cm apart it was necessary to increase the 
diameter ot the calibrator tube. A rotating apparatus was 
needed to turn the gradient hydrophone to vary the angles of 
the hydrophone axis with respect to the acoustic wave vector 
inside the calibrator tube- The new tube is made of PVC 1120 
Type 12454-B and is 25-4 cm in diameter and is 56.4 cm tall. 

The calibrator tube is mounted around the face of the 
acoustic driver which is a USRD type J— 11 projector LRef. 

101= To compensate for the water column a hydrostatic collar 
with a valve is placed on the bottom of the projector 
assembly. The valve is opened and air is pumped into the 
equalizing chamber until the air pressure is equal to the 
water pressure on the face of the driver. This air pressure 
is measured by a water filled U tube manometer mounted next 
to the calibrator assembly. The complete assembly is shown 
i n Fi gure 3,1. 
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Figure 3.1 Acoustic Calibrator 
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E t32-3 nm I NTERFEROhETRIC S 

To tesli the -feasibiiity of const r uct i nq and ruggedizing 
a gradient hydrophone for s-ea trial a laboratory hach— 
Zernder i nter f er ometr i c system- operating at 632-8 nm- was 
1 r st cor-.struted . As indicated in Figore 3.2, it consists of 
a. Hel 1 -■rn---t4eon laser sudd lying laser light at wav'elenqth 
632=8 nm through a 2 X 2 inout coupler which divides the 
■ ase^* light into the two fiber optic sensor arms. In one arm 
t^'e laser 1 1 qht travels through two sections of the 
polarization controller LRef- lij and a sensor coil 
^^ydrophone) to a 2 X 2 output coupler. In the second arm 
t' e liqnt travels through one section of the polarization 
c r:“ tr cl i er and is wound around a pi ezcel ectr i c (PZT) 
cylinder and passes through the second hydrophone coil to 
2 X 2 output coupler- The coupler recombines, the two 
ntiza: outputs of the individual hydrophone coils, thus 

: on V e ^ t i n c d h a se mod u i a. t i on into amo 1 i t uq e mod u. 1 at ion 
i - Qr- -,t i 005 - This amplitude modulated signal is transmitted 
ie optical fiber to two photodetector s (photodiodes)- These 
_oi vert the recombined light into electrical signals which 
a e fmcnitored and recorded by the i nstrumentat i on packaoe 
as= described in Section G of this chapter- A photograph of 
this i nterf erometer system without the gradient hydrophone 
is shown in Figure 3-3- 
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Figure 3.2 632.8 ntn Mach-Zehnder Interferometer 




32 



Fi^a,ire 3,3 nrn I n to r Pc rorno t ri c 
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The optical source used in Tihe 632.8 nm 
i T: ter t er omet er system is an actively stabilized, single 
•f - ecuency. Hel i um-Neon I aser . It is a Coherent Tropel Model 



The spec i T i cat i one are as follows' 



L-uepuc rower = 

Sd at i a 1 Mod e St r u.c t ur e ^ 
Temooral Mode Structure* 
^ol arization; 



O = 7 to O . V m W S O c 6s2S jjL m 
TEMoo 

Si HQ le Freouencv 
Li near 



Seam Diver oence (full anple) z 1=3 degrees 



I t •- i ^ V 

tr ! X •_? j. z:- e . 



( i OHz - 1 OMHz ) < O » 2 a ( RMS ) 



rrequency Stability^ 

Short Term; Li- ^’1Hz drift per 5 minute 
inter va 1 ( . 002 ) PPM 

Lono Term; Fundamental frepuency varies by 5 MHz 
per degree Celsius ambient temperature 

w \ e i. ! ! : ! / a 

2= Fioer Soeci f i cat i ons 

Ti-^ fiber used in the 632= S nm i nt er f eromet er system 
c I^T Type T-1601. It is single-mcde fiber optimized for a 
-a siengch of 632= S nm= Its construction and char acter i st i cs 
are shown in Figure 3=4= The specif icati ons of the 
particular fiber used are as follows; 



F i ber I dent = ; 
Pref Qrm No. ; 
Core E'i a.meter 
Outer Cl addin 



c Di arneter ; 



830420—40 1 c 
EMT-22204B 

Z.Bflt 
75 flm 



.m 



AlllNUAllOtl 



DIMENSIONS SHOWN ARE NOMINAL VALUES 




n 



’ ^ SILICA 

CLACO'NG 



•NCEX Of =6PaACnON P«»CFiL£ 




TYPICAL SPECTRAL ATTENUATION - SINGLE MODE OPTICAL FIBER 
Figure 3.4 ITT Single-mode Fiber T-1601 
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r r I rn ar '•/ bh e a t n “ 


6E 615 Silicone 


Secondary Sheath : 


pol yester Hytrel 


Total Diameter: 


406 jji m 


attenuation: 


6.55 dB/Km at 632. S nm 



L_- O Ll D i O S 



! he DLirpDse ot a 


3 d3 cQLipier is to split the light 


1 y in CO the arms of 


the i nter f erometer or to recombine 


1 G h t c au s 1 n Q the lie 


4 ht from the two arms to interfere 


e out D Lit fibers and 


on the face of a ohotodetector . The 



*j.~L sr 2 X 2 si rsG 1 0 — !Tiqqb coupler's usBd in ths Isborstopy 
e^‘ometsr were manu-f actured by ITT. The speci -f i cat i ons 



ber i al Nos. : 


JM-Sfi-l 64 


^i ber No. : 


3309 1 S~402b / EMC-4 1 58 1 B 


Fabrication Date: 


2/ 1 1 /S4 


Excess Loss: 


0. 1 dB 


-•ru f ormi ty : 


0 ^2 d B 


Operating Wavelenqtl 


632 -S nm 


Serial Nos= : 


J!i~Sh~i65 


Fi ber No - : 


8309 1 S-402b / EMC-4 1 53 1 B 


Fabr 1 cat i on E)ate: 


2/13/34 


Ekcsss Loss: 


0.2 dB 


Uni f ormi ty : 


0. 1 dB 



Up er a t i n Q l^a ve 1 e n g t h j 632.3 n m 



Ki sz O0i ec tir i c F’haso Shi “fliBr 



The phase shifter consists of a lead z i rconate-1 ead 
tanare <PZT) cylinder, Channel Industries Tvpe 5500, 

OL?nd v^hich the fiber is tightly wrapped. The cylinder is 
S ccj long by 3-8 cm outer diameter with wail thickness of 
32 cm= By wrapping 59 turns, cor respond! ng to 7 m of 

~ on the FZT it was possible to produce a relatively 
rce optical phase shift- The shifter has a sensitivity of 
21 r'ad/volt- The caliDration of the PZT is discussed in 
apter Iv, Section A. 

p - Polarization Controller 

A polarization controller, as described by Lefevre 
ef 113, was employed- This device is equivalent to 
r actional wave plates of classical optics- The controller 
es the stress b i r ef r i nqence inducBd by bending the fiber- 
to = -T’ h c t o d e t ec t or s 






hot odetector s used to detect the optical output 
from the i nter f erometer are ClaireK Type CLE^— 42 



idi 



; I r ^ 



odes- i hey are all silicon PN 
ty, low dark current and fast 
cal char ac ter i st i cs ares 



planar diodes with high 
response- Their 



Active Area? 



Sr. or t Circuit Cur r en t : 
Open Circuit Voltage: 
Dark Current: 



i - 3 X i - 3 mm 
35-70 /iA 

0-40 volts, typical 



1 nA 



200 pF 



J un c t i on Cap a.c i t an c e ; 

Ki se or ■- a.X 1 Ti fBB; 5 ^ sec 

Ta-T.ner atur e Coet f i ci ent : ±_ 0.2%/^C> typical 

^eak Spectral Response: 0.91 JJi n\ 

C= S30 nm INTERFEROMETRIC SYSTEM 

^ ^r the sea tna.l itselt q a second i nterf erofnetr i c 
avscem. again in a Mach — Zehnder con-f ri gu.r at i on as indicated 
in F’. qure 3.5 was constructed. It consists of two S30 nm 
cicde lasers either one of which could be used to supply 
light. This goes through optical fiber to a 2 X 2 input 
couple;- and splits the light into the two arms. The output 
side of each hydrophone goes to a 3 X 3 output coupler. The 
3 X 3 coupler recombines the laser light and sends it out 
-la three fiber leads. The two fibers used on the output 
^ide the coupler go to two photodetector s (photodi odes) 
v^^hich cor?vert the recombined light into electrical signals 
ch are moni cored and recorded by the i nstrumentat i on 
rackage as described in Section G of this chapter. A 
photograph of the system is shown in Figure 3.6. 

1 . Laser Source 

The optical sources used in the S30 nm interferon- 
mete^ system are Mitsubishi Type FU—21LD AlGaAs/GaAS TJS 
'T^ansve^se Junction Stripe) laser diodes. These were 
supplied with multi— mode fiber pigtails. These diodes emit 
licht around S50 nm wavelength by applying forward current 
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Figure 3.5 030 nm Mach-Zehnder Interferometer 
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Figure 3.9 330 nm Intr?rreronetric Oysto'-'i 







di'^Q uhreshold current. The 1 a.eer output level ca.n be 
ored vi a. photodetect or enclosed in the laser diode 
ge= Sooe other features are: stable fundamental 

verse mode oscillation^ 1 aser diode-fiber high coupling 
i ency and 1 ono life hermetic seal* Each 1 aser can 
te under CW cr pulse conditions according to input 
nt = at case temperature up to 50*^C- The specifica— 
ar e as foil o w s : 



Ser i al Nos ^ : 
u j t p u t P o w e r : 



'1 b 



er mul t i — mode : 
er Numerical Aperture: 
i n □ Wave 1 en q t h : 
eshold Current (CW) : 



Dp er a t i n G C u.r rent ( C W ) : 
Goer at long Vo 1 1 ag e ( C W ) : 

L.1 oht In out to Fiber (CW' : 



54 and 66 
3. 2 mW 

GI Type 50 ^m core 
O- 2 

795-905 nm 5 typical 850 nm 
30 mA typical. 50 mA max 

55 mA typical, 90 mA maix 
1.3 V typi cal 

1.6 mW min, 3. 2 mW typical 



he diode lasers required a special power supply to 
ol and monitor the output current supplied to them. A 
atic of the power supply is shown in Figure 3.7. The 
lasers were tested end the optical power output was 
ved and recorded against the input current to verify 
pec i f i cat i ons . The results are shown qraphicaliy in 
es 3=S and 3.9. No special effort was taken to control 
emperature cf the laser other than good heat sinking. 
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Figure 3.7 Laser Diode Power Supply 
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(j^ui) JOMOj x°=T^do 
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Figure 3.8 FU-21LD-54 Laser Diode Power Curve 
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Figurg 3.9 FU-21LD-66 Lasgr Diodg Powgr Curvg 



1 1 should be noiied ^ that accordinq to the manut actur e » at a 
CLr""~ent of 42 mA , the light output changes at an average 
ate o^ Ao jJL\A/^'C.. between —20 and 50 ^C) . 

2 . Fiber Specifications 

The optical fiber used was ITT single— mode fiber, 
ty'p= T— 1601 optimized at 0«S3 ffi= Specifications of the 
f i be'^ a.'^s as “^ol 1 ows? 



*-iber ldent = 

Pre-^orm No. ; 

^-iu ner i c a 1 Ap er t ur e “ 

C o e E' i a me t e^ i 

Outer Cladding Ehameters 

Primary Sheath: 

Secondary Sheath: 

Total Diameter: 

— ttenuati on : 



81092U-17Bi c 
EMT-21972B 
0.12 
4« 57/jt m 
75 /jtm 

GE 615 Silicone 
polyester Hytrei 
406 flm 

2.07 dB/Km at 0 . 83 m 



of refr 



cat! on s 



=4 is a sketch, provided by the manuf acturer of the 
he fiber, with typical dimensions, approKimate indeK 
ction profile and typical spectral attenuat i ons. 
fiber from the 3 X 3 output coup»ler to the p hot ode— 
is multi— mode and in a cable containing four optical 
fr. 0 ni_!-f by F’halo Optical E>i vision. The specifi- 

er e as foil o ws : 



^iber Ivpei A04X Series 

Cable Diameter: 5.5 mm 
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core Di a?r*eter : 


50 ptm 


Clad D i ame t er : 


125 /im 


Bu.f f er r>i ameter : 


940 jJL m 


N L -. m e r I c a 1 Aperture: 


0 . 2-0 . 22 


Fiber Attenuation: 


4 . 0—6 = 0 d B / km Ck Q2. jjL m 


□pticai Bandwidth: 


200—800 fiHz km 



= Couplers 

a = Coup 1 er 2 X 





A V X !Z I ! T si no 1 e~rnQd 0 coupler was used for 'the 
cDLiDler= Its- s-peci f i cat i ons are as follows: 



Se?^i al No. : 


jri-SM-i 07 


Fi ber No. : 


EMC 41556C/S30427-401a 


F-abrication Date: 


6/02/33 


F ~ |_ f“: w C=. 1 


0. 1 dB 


Uni for ml ty : 


0 « 2 d B 



Josrating Wavelength: 0-S3yLtrn 



n, CouD ler -I* X 




An ITT 3 X ' 


5 s-inqle— mode coupler was- used for 


output coupler. Its 


sped -f i cat! on s are as foilov^^s : 



Serial No, 


JM-SM3-5S 


Fi ber No= : 


EMC-4 1 556C / 830427-40 1 b 


Fabrication E>ate; 


7/ 24/ 34 


E c e S- s L o s- s : 


0.4 dB 


Un iformity: 


i.S dB 
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S3^f7> 



UJavelenqthr 0 = 

4 i Ph oil ougt.gc or s 

The photodetectors Lised to detect the optical output 
of the fiber trofn the i nterf erometer are Clairex Type CLE)-41 
Dnotodiodes. They are all silicon PN planar diodes with high 
linearity^, low dark current and fast response. The eiectri — 
c a i c h ar ac t er i s t i c s are as follows-: 



H c ti 1 V e Ar e a : 

Short Circuit Current: 

0 p e n C i r c u it volt -ac ^ : 

USA K Current: 

J u n c 1 1 on Cap -ac i t an c e : 
Rise or Fall Time: 

T eop er at ur s Coef f i c i ent : 
^eak Spectral Response: 



1.3 X 1.3 mm 

min 6 to max 12 /ji A 

0.40 volts typical 

1 nA 

200 pF 

5 fl sec 

+ . 2/1/degree C typical 
0 .91 // m 



D. -I HER -REPARATION AND SPLICING 

£‘C-th SI nq 1 e—mode and mul t i —mode optical fibers were used 
in tr;e experimental systems. The preparation for splicing is 
similar for both. The plastic coating over the glass fiber, 
usL.aily Hytrel , must be removed by using a sharp razor 
blade. The blade is placed at a very small angle to the 
coating surface and the fiber is drawn to the blade to 
seoa^'ate the plastic from the fiber. After most of the 



pi fTi 



{Qved . tne 



is dipped into a bath of 






■ns the remaininq plastic into a jelly 
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B su.b = tance= The -fiber is then dipped into distilled 
er s.nd passed through a menthanol soaked tissue wiper. 

To obtain a cl eari square end an the -fiber it is then put 
o a -^iber optic cleaving tool made by Thomas Betts 
o. The clean square end is- necessary to achieve a good 
ice. The ends o-f both must appear like A in Fioure 3= 10. 

The was spliced together using a Model PFS--200 




ie^e a ggoq 
Sr A^c Time 
erimently 
ole fT‘Ode f i 
was experim 
Time ot O. 
t resultSs 
t i n p s- were 



fiber splicer made by Power Technology 
After preparing the two fiber ends, they are 



icer and mechan i cal i y , 


as 


wel i 


as 


The optical alignment 


of 


the 


two fibers 



maximizing the laser light transmitted 
ber cores at the output of the second fiber, 
aken to eliminate light transmitted through 
This can be done by coat i no -a section of the 
e output fiber with black paint. Then once the 
aligned, one is moved in approx i matei y 1 jXm 
to allow a small amount of glass to melt and 
splice- The splicer has settings for Ramp 
and Arc Current and these must be determined 
or each pair of fibers to be joined. For two 
bers of both 632.8 nm and S30 nm wavelength, 
lently determined that a Ramp Time of 0-2 sec, 

5 sec and Arc Current of 15 mA produced the 
For single— mode to multi— mode fiber the 
0=1 sec, 0.4 sec and 14 mA respectively- If 



47 



0009 




48 



Figure 3.10 Representation of Proper and Improper Cleaves 



~ne soiize is to be suczesBtu.l the cor e—to— cor e aiionffient 
snoL-i a De as shown in D ot in Figure 3. il and the rneasured 
light should rernain nearly the same atter fusion as it was- 

After the splice was made Scotch tape was placed over 
i"ne SDlice to protect it from being broken by mechanical 
stresses* In later stages of devel opment a splice protector 
manufactured by Sumitcmo^ Incr was used* This consisted of a 
stainless steel rod* 6.35 cm in length with heat shrink tub— 
ing a small diameter next to the rod and both covered by 

another piece of heat shrink tubing. This provides strength 
to the area of the splice and orevents bsndi no/br eaki no - 

E* rIANDREL CONSTRUCTION 

In the Mills experiment CRef. SI. the fiber optic 
^ VC 'ophones consisted of loosely bundled coils. For the 
n^esent ex ceri men t a desion was needed to oackaoe the fiber 
optic Gradient hydrophone for sea trial. The desion used 
^ai "isai ned the toroidal coil snaoe ERef-SJ but an effort was 
made to pot the coils on a. mandrel in a way that allowed the 
arouecic signal to influence the fiber without degr adedat i on 
of the sensitivity. The potting material used is a low 
V i s c DS i t y ep ox y . St yc as t 1 266^ . 

Fabrication was begun by pouring epoxy into a mold that 



^ s/r- -=-^ 

^ton. MA 



1 li H o p O X V 



i s made by Emerson and Cumd no 
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(Cladding aligned). Core misalignment 
due to eccentricity of core. 



High loss splice due to core alignment. 



r 

(Core aligned, cladding misaligned) 
Proper setting for minimum loss. 

Proper fusion for mc:<lmum transmission. 





oz 

Cl 



Figure 3.11 Representation of Proper and Improper Fuse 
Ali gnments 
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was / cm in diameter and 1.6 cm 


in height- 


It w as- 


ail 


owe 


p ar den at "“oom. terr-Der atur e over 


a two day 


pen od . 


Thi 


s e 



ce sting was then machined into a bobbin shaped mar?drel . with 
dinensions of 6.35 cm outer diameter, i , 42 cm in height with 
tce groove 0^99 cm in width and 0=20 cm in depth; as shown 
ir :^iqar'e 3.12a= To facilitate winding, the fTie.ndr^l was then 
claced on a cylinder with a second mandrel = The second 
Tifk.r -v-a.s used to Hold the inout a.nd output leads of the 
-iber= The axle with both mandrels was then mounted on a 

of a small motor which rotated at 3 rpm= A thin 1 ayer 
epcxy was then brushed onto the first mandrel . The motor 
i-ac turred on and the fiber was wound onto the mandrel to 



complete one layer of the sensor- A second and third layer 
^ i ber ’wer^ added in a similar manner* After all three 
1 Ls^ere on the mandrel an outer coating of fiber was 

added to even the groove to the Height of the wall of 
oaid^el = Fiqure 3.i2b= Three layers of fiber were 
- OCL i red to DSf^fT*.it 10 meters of f iber to be v-^ound on the 
naidrel* Each mandrel has two meters of lead at each end- A 



p"' vtoqraph of a finished mandrel is shown in f-igure 3*13. 

GRADIENT SENSOR CONSTRUCTION 
1 ^ A32=8 nm Gradient Hydrophone 

After both single hydrophone sensitivities were 
deter mined b/y exper i mental runs in tne calibration tube- 
The two sensors were mounted 10 cm apart on an epOK'v tube 
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a. 



s tress 



1.27 

0.99 



tubing 



0.14 






fiber 



Q 




(8 times actual size) (cm) 



b. 



Fl?,ure 3.12 Cross Section of Fiber Optic Mandrel 
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Fi.rrure 3.13 Fiber Ootic Ilanrlrel 







in Qia.meter. i he c.pticai fiber was run through a 
one the a>-. i s to an outlet a.t its cerjuer where the 
as brou.aht to the i n put /output couplers. This fornied 
sor coil Qortion of the Gradient hydroohone as shown 



3 --O nm Hradient Hy^drophone 

After both single hv'drophones were deterriiined to 
uai optical path lengths, 7 m i n each arm to within 



s thev were fused to the input 2 X 2 couoier and 



3 X 3 coupler. Each individual h 
f 1 on fnandrel of 4.13 cm in outer 
kr?ess= The ootical fiber was wou. 
spindsT which was 3. SI cm in dia 
These individual hydrophones wer 
i r urn T shaped bar = 10 cm aoart . 



yd r Qp h on e 
di ameter 
nd on the 



meter and 



was wound 
and 1.27 cm 
center part 
0,95 cm in 



e then mounted onto 
that accommodated 



e incut and out out couplers on the too of T between 
■ ydr ophones . 

•zctic ^ibers were then passed throuqh the bottom 
che T into a short piece of tygon tubing. The 330 nm 
mui t i ^mode oiotails are fused to the sinGle^mode 
eads of the input coupler, one 1 aser to each lead, 
put fibers from the output coupler, which are sing le- 
er's fused to multi “mode fiber which went to the 
tectors. The entire hydrophone was dipped in a 
coat! no material to protect the various fiber 



"he completed uni- 






shown in j-iqure 




ri ~ure 3.14 



^ 22 . ^ra'-’ient Mv-ronho^e a’^'l dotation 
Aa-aratus 
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Fi^,ure 3.15 330 nm Gradient Hydronhono 




INSTRUr1E^4TATI0N AND DATA ACQUISITION SYSTEM 



The i nstrumentat i on and data acquisition system used in 
both the laboratory and sea trial phases is shown in Figure 
3.16. Computer data acquisition was used -for portions of 
data taking using the program in Appendix A. The Hewlett- 
Packard 35F computer coordinates the peripherals, recorded 
and displayed the data, as shown in Figure 3.17. The follow- 
inq is a brief description of each i nstrumentat i on unit. 

1 . Computer HP— B5F 

The HP-S5F is an eight bit mi cropr ocessor that 
utilizes BASIC computer language. The computer has as 
standard 16K bytes of read/write memory and 16K bytes of 
additional memory to give the system a total of 32K bytes. 
The computer has a 127 millimeter diagonal black and white 
el ec t romaqnet i c CRT. A 32 character per line thermal 

n ter /pi otter is part of the unit. Programs or data may be 
stored on and read from magnetic tape cartridges. To 
ir?tsrface with peripheral equipment- an I/O ROM and an 
interface card were added to provide HP— IB (IEEE standard 
4S3“1P75) i n str umen t at i on capabi 1 i ti es. 

2- Svnthesi zer /Functi on Generator HP— 3325A 

The Hewl ett— Packard model 3325A synthesi zer /f unct i on 
generanor can produce three kinds of waveforms sine, square 
and triangular- The frequency range for sine waveform is 
from 1 mircoHertz to 21 mega.Hertz , frequency resolution of 
1 mircoHertz below 100 kilohertz and 1 milliHertz above 100 



57 




F i "^ure 3.16 



I'^strume'^tation 



^acka-.e 
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Function 

Generator 



W 

Power 
Supp ly 





VOM 

I 



Spectrum 

Analyzer 





Oscilloscope 







potentiometer^ 



fiber 

sensor 







lc 






10 



calibrator 




Figure 3.17 Block Diagram of Instrumentation System 



kiloHertz v-^ith accuracy of + 5X10”*^ of selected value. The 
output amplitude is from O millivolts to 10 volts peak to 
peak into a 50 ohm load. This model is fully programable 
rhrouqh a HP-IB connection. For this experiment sine waves 
of various frequency and amplitude were used. 

3. Spectrum Analyzer HP-35S2A 

The Hewl ett— Packard model 3582A is a dual channel 
spectrum analyzer. This instrument has a frequency range of 
0.02 Hertz to 25,600 Hertz. The analyzer has a 11.9 by 9.6 
cf:i CF:T that can display two simultaneous information traces, 
plus four lines of alphanumeric data giving measurement 
conf riguration and results. Frequency spans from 1 Hertz to 
25,000 Hertz full scale allow flexibility in selecting the 
portion of the spectrum to be analyzed. Spans from 5 Hertz 
to 25,000 Hertz can be positioned anywhere within the 
frequency range of the instrument to provide excellent 
frequency resolution. The instrument's "front-end" 
Ecnsitivity ranges can measure and analyze from 1 microvolt 
to 31=6 volts and has a dynamic range of 70 dB. 

4 - Osc ill oscope COS— 5060 

The Kukisui model COS-5060 oscilloscope is a dual 
channel 60 MegaHertz instrument. Its vertical system 
provides calibrated deflection factors from 5 millivolts to 
5 volts per division, with an accuracy of + 3X. The 
horizontal system provides calibrated sweep speeds from 50 
nanoseconds to 0.5 seconds per division. Trigger circuits 
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enable stable triggering over the full bandwidth of 
the vertical system. This unit is used as a monitor of 
signal from the LC-10 and the optic fiber hydrophones only. 

5 . Digital Multimeter HP—347SA 

The Hewi ett— Packard model 3473A digital multimeter 
was used to monitor the potentiometer on the hand rotation 
device to obtain the approximate position of 632.8 nm 
gradient hydrophone during the laboratory phase- It was also 
used to monitor the resistance of the heiiopot potentiometer 
on the rotating motor to give the approximate position of 
the hydrophone during the sea trail phase- The resistance 
measur ement range is from 100 microohms sensitivity to 
30 megaohms. 

6- Bipolar Power Amplifier PQUJ35— lA 

The Ki kusui model R0W35-1A bipolar power amplifier 
was used to drive the J~ll projector in both the laboratory 
and sea trail experiments. It can supply power from —35 
vclts CO H-35 volts continuously at 1 ampere- The Ki kusui 
will operate as a DC source, frequency response of slow 
5 kiloHertz at ±_ 3 dB or frequency response of fast 30 
kiloHertz at ±_ 3 dB. It has a 10 turn potentiometer with 
which to adjust output voltage gain- 

7. Eiigital Multimeter HP— 3456A 

The Hewl ett-Packard model 3456A digital voltmeter 
was used to monitor the voltage output of the J-11 projector 
during the laboratory and sea trai 1 phases of the 
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experiment- For AC rcm«s« voltage the voltmeter measurement 
range is -from O to 10 volts + 10 microvolts with 6 digit 
resolution and input impedance o-f 1 meqaohm + 0-5/1 shunted 
by < 75 p i co-farads - 

S - Standard Hydrophone LC— 10 

An LC— 10 hydrophone, (serial No- 2167 in calibrator 
and r4o- A695 in sea trial) was used as the standard 
hydrophone -for sensitivity determi nat i ona of the individual 
and gradient fiber optic hydrophones. Average free field 
voltage sensitivity for this hydrophone is specified by the 
■T-anu.f acturer to be -209.2 dB re 1 voit//jtPa. 

9- Projector J-11 

A J-11 projector was used as the sound source both 
in the laboratory and at sea for testing the hydrophones- 
Its operating range is from 20 Hertz- to 12 kiloHertz. The 
fr.a.Ki mum power above 100 Hertz is 200 watts- The efficiency 
-^or tihe J-11 is approx i matel y —28 dB re ideal at 1 kiloHertz 
and the driving impedance is 23 ohms at 1 kiloHertz- The 
ma.Kimum depth allowed for operating the J-11 is 23 m. 

However = if the J-11 is operated below 100 Hertz the 
response char acter i st i cs change as a function of depth - 

H- SEA TRIAL EXPERI MENTAL APPARATUS 

The sea trial experimental apparatus was constructed for 
testing the directional properties of the fiber optic 
gradient hydrophone and for comparison with a standard DIFAR 
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< di r ect i Qnal > hydrophone. The apparatus was used to hold the 
J — ll projector 5 a rotating motor, a four channel pre- 
amplifier for the piezoelectric hyrophones and used to 
support the hydrophones themselves, as shown in Figure 3.18 
a and b. 

The sea trial apparatus was designed for use on the R/V 
Acania. It consists of the J— 11 projector and a watertight 
i nstrumentat 1 on package mounted on a rigid structure- The 
rigid structure is made of aluminum U channel that is 2.26 m 
in length and 0,122 m in width- It has two cross pieces of 

bOK aluminum bar that is 0-051 m X 0-051 m. One is 1-22 m in 

length and the other is 0.61 m in length- These are 
reinforced with a piece of aluminum bar welded below the box 
pieces which are used to support the J^ll projector- At the 

opposite end of the LI channel is a rectangular plate used to 

support the watertight cannister which contains the rotating 
motor and the pr e— amp 1 i f i er s for the DIFAR phase, the S30 nm 
lasers, and the phctodetector s for the fiber optic phase of 
the sea trials- To counteract the buoyancy caused by the 
watertight cannister and maintain the apparatus horizontal 
while submerged- counter balance weights of lead were added, 
100 pounds- A detailed sketch of the top and side views of 
the apparatus is shown in Figure 3-19 a and b- 

The center of the J— 11 projector is suspended approxi- 
mately 1-22 m below the alumina m U channel and 1-69 m from 
the test hydrophones- The cannister holds the hydrophones 
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Firrure 3.18 Sea Trial Apparatus 





Figure 3.19 Sea Trial Apparatus 
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in place approx i maiiel y 1.22 m below the aluminum U 



idly 
nne 1 



i he motor ie a 60 hertz 115 VAC Hurst synchronous motor, 
si GA , that has a 1 rpm rotation rate and can be used in 
clockwise or countercl ockwi se direction. Attached to the 



Lor 1 z 


^ nr“=ari si nn notf^nki om^t^r hy Hel i nnt whi rh 


^^al Lie 


between 0 ohms to 10 kiloohms + 5Z correspondi ng to 


■)<=> — -r 


:ahif-»n with linearitv <^f h- 0-15 %. 


The 


pre-ampl i f i er 5 were used for the DIFAR hydrophone 


as e oi 


- the sea trail tests. It had four Burr-Brown QPAlll 


ar at i c 


Dnal amplifiers to boost the signals from the omni , 



e and cosine hydrophones of the DIFAR- a bender vane 
nsducer, and for the reference LC— 10 hydrophone. The 





for this OLiad— ampi i f i er system is shown in 


gur e “ 


L ■” i” j 


H W c 


3.ter tight cannister was designed and built to hold 


s rote 
FAR pr 


3.ting motor and the pre-ampi i f i er electronics for the 
lasB, a.nd , for the fiber optic phase, the rotating 



or 5 the lasers and the photodetectors. The main section 
the cannister was PVC Type 12454-B piping of 25.4 cm 
er diameter and 45.1 cm in length- It had flat PVC 



ates c 
per Bi 


2.5 cm thick, for upper and lower ends. Through the 
Id tv-^o cables entered the cannister with O'ring 




3ht seals. At the lower end a T.6 cm PVC 1120 ASTH 


1 P S : 


aiece of piping was glued into the plate. This 



ov*jed a stainless steel tube to be run from the motor to 

*_* *_♦ 
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Figure 3,20 Quad-Amplifier Circuit 



the hydr Dphones , maintaining the watertight integrity ot the 
cannister while permitting rotation of the hydrophones, 
haintaining the watertight integrity was accomplished by 
using a potting material and rubber tape at the bottom end 
of the steel tube and around the wires that entered- The 
steel tube can accommodate either wires or optical fibers. 
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EXPERIMENTAL PROCEDURES AND RESULTS 



T f. 






IN 5 Li 



ERQMETER CHARACTER I ST I CS 
cmpieting construction of 
terr^.. shown in Figure 3*2, 



the 632. S nm interfere- 
a test v^as conducted to 



eck ror oreper operation. E)eta.iied measurement s were taken 



determine the amniitude of the optical phase shift as a 



the driv'e '/oltaoe applied to the fiber wrapped 



ezoelectric cylinder in the reference arm of the interfer~ 
eter. At the time of these tests oniv' one sensor coil was 



eluded in the i nter f er ometer ^ i.e= referinq to Figure 0.2^ 
e sensor coil shown in the lower arm was not included. 

A block diaoram of the i nstrumentat i on used for 
tnering data with the system is shown in Figure 4=1. A 
n e Vv‘ a v e of a r i ab 1 e a m p i i t u d e and f r e q ue n c y f w a s 
lisrated by the synthesi zer /f uncti on generator HP—3325A and 
jiisd to the PIT. A HP—35S2A spectrum analyzer and a 
S-5060 Kikusul oscilloscope were used to monitor the 



tout from one of the photodetector s. 

Referinq to equation (2=11), the AC portion of the 
otodetector signal is proportional to a sum of Bessel 
net ions. To test the character i st i cs of the i nter f erometer 
e p i ezoel ectr i c cylinder is driven at a fixed frequency to 
amine the amplitudes of the fundamental and order 
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Figure 4.1 Block Diagram of Instrumentation System 



harmon 1 z-E as the voltage a.ppi'ied to the piezoelectric 
zvliPder is increaseda 

Figure 4=2 s-ho^js the rcfn.s. amplitude of the funda.men — 

7 2'***^ and 3*"^ harmonics of the photodetec tor output as a 
iu.n^ztion of the r-fn-s-. drive amplitude when the piezo- 
electric cylinder was driven at 1200 Hertz- This allows a 
comparison of the measured and theoretical maxima and minima 
0 -^“ the Bessel functions. For example, the zero point of the 
-"‘umdamenta.l for the Bessel function is 3.83 radians and the 



^ 5.14 radians. The ratio of the arguments of 
these zeroes is 1.34. Comparing the experimently determined 



•z I ezoel ect r i c drive voltage required to the zero the 2*^*=* 
har.T;cnc= 995 millivolts, to that of the f undamentai . 735 
millivolts, yields 1-35. which is within 0-7% of the 
t n s or s 1 1 c a. 1 1 '/ P n ed i c t ed v a. 1 ue - The s-en sitivity of the 
p : sz DBi ectr i c cylinder phase modulator at 1200 Hertz is the 
r azio arGu.fns*nt of the zero of the Bessel function. 3-33 
"aczaris and the drive volta.qe at the zero of the fundamen- 
tal. 735 iTti 1 1 i vol t s - i-e- 5-21 rad/volts- Dividinq this by 
the length o-^ optical fiber wound on the cylinder, 7 meters, 
yields a. modulator sensitivity of 0-744 rad/voit/m- 

In Table I the voltages required to zero the fundamental 
the voltage applied to the pi ezoel ectr i c phase modulator 
are listed for the frequency range 100 to 2000 Hertz. As 
indicated in the graph shown in Figure 4-3, the piezoeiec- 
t'ic sensitivity is relatively constant over this frequency 
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Figure 4.2 Piezoelectric Phase Modulator Response 
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FiguPQ 4.3 PZT Sensitivity Phase Modulator Frequency Response 



TABLE I 



tencv 


Pi ezQBl Bctr 1 c Sen si t i vi ty 
<Hz) 1 Pi ezoei Bctr i c <mV) \ 


Error X 


1 00 


742. 3 




0 - 03 


150 


726.3 




1 . 68 


200 


743.3 




0- 15 


250 


744-6 




0. 92 


300 


734.9 




0.32 


350 


736.7 




1.48 


400 


757.6 




6.09 


450 


743.5 




0.24 


500 


73S. 5 




1.75 


550 


736.4 




0.66 


600 


739. 1 




1.04 


l_* _• 


777.3 




5- 95 


700 


729. 4 




1.45 


750 


741.5 




0 . 03 


300 


741 . 4 




0 - 33 


350 


736. 3 




0 . 03 


900 


736 . 5 




0.19 


950 


738.7 




0.47 


1 000 


743.2 




0- 55 


1 050 


736. 5 




0 . 60 


1 1 00 


740. 1 




0.30 


1 150 


733. a 




0 , 66 


1 200 


737 . 7 




0. 15 


1 250 


740.9 




0 . 58 


1 300 


739 . 6 




1 . 28 


i 350 


741.2 




1 . 56 


1 400 


734 . 6 




1 . 02 


1 450 


737 . 3 




0.62 


1 500 


734 . 4 




0-51 


1 550 


~7~Z~Z T 
/ 




0 . 89 


1 600 


730. 0 




0 . 93 


1650 


733. 4 




0. 15 


1 7 00 


741-7 




0.12 


1 750 


733.2 




0. 17 


1800 


730. 1 




0 . 96 


1 350 


728 . 6 




1.47 


1900 


734. 1 




0 . 32 


1 950 


734.2 




0.69 


2000 


736. 2 




0 . 29 


'IT = 


743.8 - (4-96S X 10-^) 


-f : r = 


“*0 . 336 
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r^.nge= i he data, were least squares -fit to a straight line 
> 1 “ 1 d i n q the t o i i o w i n □ e ou a t i on : 



"'2T = 743, S - (4.963 X lO-^) f 



(4.1) 



-'here PIT is the vsitage required to zero the -fundamental , 
as listed in Table I. and -f is the -frequency. Therefore, the 
sensitivity ranges -from 0.736 r ad / vel t s /meter at 100 Hertz 
to 0.746 r ad ./vol t'S/ met er at 2000 Hertz » These i nter -f erometer 
ch ar act er 1 st i cs are -sirniiar to those o-f the S30 nm system 
described by G. rlx 1 1 s CRet. S3. 



£u VESSEL function RESPONSE 

Absolute -fiber sensiti '/itv to acoustic pressure was 
determined by measuring the a.coustic pressure recuired to 
zsrc the i ntert erometer output when the fiber hydrophone 
coil was submerged in the acoustic calibrator. As this 
S'-' cce-ss i s Quite tedious and time consuminu a computer 
c c r d r o 1 led d a t a ac gu. i s i t i on was c e v 1 s e d . The c a 1 i b r a t o r 
acoLstic pressure produced by the projector, was 

-n^r E:B.E.E:d in amplitude while the outputs of the fiber optic 
and LC—iO hydrophones were monitored. Using the Bessel 
-inunction theoretical curve as a basis 5 the zero of the 
fundamental of the fiber hydrophone output was approximated 
in the following manner. Since the output of the fiber optic 
hydrophopne behaves like a sum of Bessel functions^ equation 
( 2 . 12 ). under computer control its fundamental was 
rnonitored. as the \J ~11 drive voltaoe was i ncrement al i y 



/D 



increased r. to find the approx locate peak amplitude o-f the 
f undarriental « The computer aporoach employed was a -Five point 
parabolic least squares fit» A minimum ot -five amplitudes 
were required to run the least squares fit. The five points 
obtained by determining a relative peak and using the 
tvs*o amplitudes on either side of it- The relative peak was 
der ermi r?ed byi first, an amplitude being less than the 
previous amplitude; second, taking the next amplitude which 
T.L st be less than the previous two amplitudes, 

^he following general equation was used for the 
pa^abol i c -^itz 

A<z) = az^ ^bz-»-c (4«2) 



when's z was the J — il drive voltage at each increment. The 
j~li drive voltage • where the maximum for the fiber 

hydroohone occurs, v^as determined by taking the partial v*^ith 



:Specc CO z ; 



(3a(z)/0z I, 



(4.3) 



q 1 V 1 n ( 



— ”b/ 2a 



< 4 . 4 > 



where a and b are coefficients for the least square fit of 
five measurements. To obtained the coef f i ci ents , the 
following series of equations were used: 

+2 



I - -2 



z 

i=-l 



CA'Zi ) 



A^ 3 = 



(4.5) 
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. ? £=S Ci 



i (5 giving: 



X-2 = 4 5=a - 2(5 



b + c - A_; 



(4.6) 



X-i = 5^® - 5 ^ 



(4.7) 



Xo = c - Ac 



(4. B) 



X» = 5"^® 5 “ 



(4.9) 



X= = ^ 5^- + 2(5b + c - A; 



(4. 10) 



!Q find the va.iu.s5 of f.h.B coBf f i ci s.nt.5 b, b B.nd c at. which 
IS a minimum, the following conditions mus hold: 



d’X.^'' - O 



(4.11) 



6X=/6^ 



D ; o = o 



(4. 12) 






(4. 13) 



l-omDininq squations 4«5 throuah 4-12 qeneratBB thB follov-jing 



•el atioPi 



Su: 



34(5^^- 10c = 4 <h-^-^ + + 

= L2(A...2 + A_2) + A._i - 

20 (5 + 10c = 2 <A.h 2 + A _2 + A.hi 

tracting (4-15) from (4.13) gives: 

= E2<A-»-2 A — 2; Ao A-*-i 



(A^i + A-i) 
A_i 3/ 10 

A — 1 “H Ao ' 

- A-x ) 3./ 14 



(4. 14) 
<4. 15) 
(4- 16) 



<4. 17) 
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U s 1 n Q e Qua t i on s 


(4.14) and 


(4. 16) 


to find 


the coefficients a 


and b - where (5 


is the J~li 


dr i ve 


voi t age 


increment, gives 



BPLJation (4.3). 

Since the Bessel -Function is approK i matel y linear about 
the zero crossing^ the output voltages were calculated -for 
10/1 and 5% less than and greater than the zero crossing 
voltage using the following equations: 

X(l) = INT(1.873*z^«>«) (4.18) 

X(2) = INT(1.977*z^*x) (4-19) 

X(3) = INT(2- 185*z^«x) (4.20) 

X(4) = INT(2-289*z^«x) (4.21) 

Linear eK tr apol at i on of the calculated J—11 drive voltaqes 
was then performed to obtained the average, which is taken 
as the intercept. The LC—IO output voltages for the 
^"sspective J-11 drive voltages were also linearly 
ez t r apol a.ted to obtain the averaqe LC— 10 output voltaqe at 
the zero crossing. 

C . CAL I BRATDR CHAR ACTER I ST I C3 

Upon completion of construction of the calibrator, as 
described in Chapter III Section A, its various resonance 
frequencies were determined. These were at 218 Hertz, 432 
Hertz , 517 Hertz and 683 Hertz . At these resonance 
frequencies the positions of the various pressure maxima 
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and 



deter mi ned - These yielded values for the 



iinima wer^ 



=ed ot sc.und at each frequency in the calibrator for 
:er depth of 49.6 cm as tabulated in Table II. 



TABLE II 



Calibrator Soeed of Sound 



Fr eguencv (Hz ) 



Speed of Sound (cm/ sec) 



21 S 



AP.T. 



30 , 360 
29.S77 
26 , 625 
27 . 525 



f n=ss values of sound speed yi el d an average speed of sound 
1 - the calibrator of c = 2S = 600 cm/ sec + 6,3/1. 



<e sPanainq wave 









a f Lin c t i on 



tor wa. 



pressure field within the calibrator 
LC — 1 0 s t an d ar d h y d r op hone. Its OLit p u. t 
of depth is tabulated in Table III, 
driven at 700 mV. The LC~10 OLitpLit 



versus depth in the calibrate?^ is shown graphically in 

Lire 4.4. F:eadings below 37.5 cm were not obtained since 
they t=v*ere not needed for the gradient hydrophone sensitivity 
portion of the tests, Figu.res 4,6 and 4,7 show the 

standing wave acou.stic field at the resonant frequencies 
517 Hz, 432 Hz and 21S Hz respect i vel y - 
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TABLE ill 



tandinq Wave Acouetic Field for 68 



(cm) 


1 LC-IO (m^ 


1 


0 . 390 




(.* . 6j~7 h 


;t 


0 . 956 


4 


1.22 


5 


1.49 


6 


1.71 


7 


1 . 84 


8 


1.91 


9 


1 . 94 


10 


1.96 


11 


1.93 


12 


1.77 


13 


1 . 59 


14 


1.32 


15 


1.07 


16 


0. 824 


17 


0.485 


13 


0. 135 


19 


0. 106 


20 


0.420 


21 


0. 703 




0 , 907 


23 


1 . 10 


24 


1.26 




1 . 40 


26 


1.42 


27 


1.44 


2B 


1 . 40 


29 


1.22 


30 


1 . 06 


-T i 


0. 864 




0.701 


33 


0.539 


34 


0 . 456 


35 


0.541 


36 


0.731 


37 


0 . 954 


37.5 


1 . 09 



-11 Transducer Drive Voltage 700 mV 
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Figure 4.4 Standing Wave Acoustic Field for 683 (Hz) 



J-n TransducQr Drive Voltage 400 mV 



u 

CD 

rO 



♦ 



♦ 



j u 

^ OJ 

C\J C^J 



♦ 









♦ 






♦ 



* 



♦ 



♦ 



111 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 

♦ 



♦ 



♦ 



♦ 



* 



♦ 



♦ 



♦ 



I# 



Hi 



J 1 I i 1 1 I I L_ 

OCXDCD-'rraOODCD'^ 






CM 



-! 8 £ 
J 9£ 
V£ 
-] 2 £ 
-! Q£ 

- 92 
^92 

- 72 

- 22 
02 

- 01 

- 91 

- 71 

- 21 
- 01 
- 8 

- 9 

- 7 

- 2 

- 0 

O 

d 



B 

U 



QI 

U 

a 

c*- 

L 

D 

in 

0 

OJ 

CD 

JZ 

4-> 

CL 

QI 

a 

a 

1 

C-J 

-j 



(Aui) aBotiiOA ^nd:inQ 01-31 



82 



Figure 4.5 Standing Wave Acoustic Field for 517 (hlz) 



“11 Transducer Drive Voltage 400 mV 
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Figure 4.6 Standing Wave Acoustic Field for 432 (Hz) 
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Figure 4.7 Standing Wave Acoustic Field for 218 (Hz) 



INDIVIDUAL SENSOR SENSITIVITY 



D - 

The individual 632aS nm -fiber optic hydrophone seneiti- 
viri^-=. tor were determined in the calibrator described in 
Chapter III Section A» The sensitivity o-F hydrophone #2 was 
obtained while the i nter-f erometer contained only the one 
hydrophone coil in one arm and had a -fiber wound piezoelec” 
trie (PZT) cylinder in the other arm* The hydrophone coil 
was positioned at the various pressure peaks at each ot tne 
tour resonant frequencies* The computer program described in 
section E and listed in AoDendiM A was used to find the 
approximate LC-10 voltage output* i * e* the acoustic 
□ressure * where the i nterf eromet er outout nulled. The outout 
of the photodiode was sent to the spectrum analyzer HP—35S2A 
and to the oscil lose one Kikusui COSoOSO so that the 
amplitude of its various frequencies component could be 
monitored and recorded by the computer. The i nstrumentat i on 
system used for the data acquisition is the same as shown in 
F i Qur e 4.1* 

After the initial comouter data acquisition runs were 
comoleted, data also was obtained by hand at each calibrator 
-“esonance to determine as closely as possible tne zero 
crossings of the fundamental and the harmonic of the 

i nt er f er omet er output, A qraph of such data obtained at 517 
Hz (with coil deoth at 40=5 cm) is shown in Fiqure 4=E‘ and 
al so listed in Aopendix B= Computer control ed data 



35 



Fundamental 
2nd Harmonic 
LC-10 



ID 



LC-IQ Output VoltagQ (mV) 

o 



to 



0002 



0081 



0091 



OOt^l 



N 

X 

C^ 

LD 

-P 

a 

-p 



> 

E 



♦ + O 



0 + 



+ o ♦ 



♦ + o 



+ o 



+ o 



+ o 






0021 



0001 



- 008 



- 009 



- OOt^ 



- 002 



Q 

cn 

a 

p 

o 

> 

Qi 

> 

L 

O 

(- 

9 

U 

3 

“D 

0 ) 

C 

o 

c. 



(f) 

C 

Qi 

CO 

CU 

c 

o 

-C 

CL 

0 

L 

XI 

X 

01 

c 

• 

CO 



00 

« 

Oi 

c 

D 

CO 



0 + - 



o in 

cn oj 



o in 

(\i • 



in 



o 

d 



(y\ui) oBotto/v tndtnQ BuogdoupXn 



86 



also were made at. each 



acquieition rune 
•frequency to check the 
Th e sen s i t i v i t y of 



cal i br ator resonant 
repeat ab i 1 i t y of the data* 
each fiber optic hydrophone was 



determined at the four resonant f requenci es* Then a 
comparison was made of the fundamental and the 2^^^ harmonic 
behavior to that of the theoretical Bessel function 
char acter i st i cs of maxima and minima ratios* As Table IV 
Sshows the ratio data obtained on both fiber optic 
hydroDnones #1 and #2 is 'within a few percent of the 
expected (theoretical ) values for the Bessel function a.nc 
independent of frequency* 



iABLhi IV 



Bessel Function Katie of (iaxima i-- liinima 



Hydrophone 1 



Hvdr ophone 



Frequency (Hz) 1 minima I maxima I minima. I maxima. 



2iS 



^17 



; 1*3981 

i 1.3495 



1 * 6667 i . 3298 

i . 6250 I 1 . 3350 



683 I 1 . 3440 1 * 7290 i 1 . 3758 

rl Function Theoretical Ratio of i'dinima — 1 

Maxima ~ 1 



1 = 5200 

1 jP f~\ i~) 

1 = 6923 



After the sensitivity data 'was obtained for hvdroDhone #2* 
hydroohone #1 was installed into the arm with the F'ZTs 
makino the system an i nter f er ometr i c gradient hydrophone. 
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The sensitivities obtained -for both hydrophones #i and 
#2 were different even though 10 m of fiber was wound on 
each mandrel . The difference could be due to the fact that a 



ti on tube during data acquisition for hydrophone #1. To 
determine if the presence of the leads of hydrophone #2 were 
baising the results of the sensitivity of hydrophone #1, all 
but a few centimeters were removed from the water and hydro- 
phone #1 was set near a pressure maxima (9 cm) for 6S3 Hz. 
Hydrophone #2 was also tested in this manner to check for 
consistency of the sensitivity when it was the only hydro- 
phone in the i nterf erometer . The data obtained by hand f Dr- 
hydrophone #2. as the only hydrophone in the interf erometer . 
v-^as within 0.4/1 of that obtained when it was part of the 
gradient hydrophone at the resonant frequency of 6S3 Hz = 

The LC— 10 output voltage at the fundamental minimum 
which occurs at a optical phase shift of 3.33 radians and 
the knov^n sensitivity of the LC— 10 hydrophone are combined 
to determine the sensitivity of an individual fiber optic 
hydrophone using the following equation; 



where Mi_c-io is the sensitivity of the LU— 10 hydrophone in 



portion of the leads of hy 




in the caiibra— 





(Chapter 3 bection h.8). 



K t 

V L_C— 1 O 



is the output voltage of the 



LC— 10 at the fundamental minimum. Hpr is the sensitivitv 



S3 



of a fiber optic hydrophone- The sensitivities of the 
individual fiber optic hydrophones are indicated at the four 



cal i brat or 



resonant frequencies in Table V- 



TABLE V 



Individual Fiber Optic Hydrophone Sensitivity 



Hydrophone 1 


1 Hydrophone >: 


Fr eo 


Uepth of 


^4QS - 


Avq - 


! Std 


1 Depth of 1 Nqs- 


Av'q > 


Std 




Hyd from 


of 


Mp 


! dev 


1 Hyd from! of 




dev 




surf ace 


runs 


/i rad 


\ Urad 


i surface Iruns 


fJi rad 


/i-ad 




boundary 




/iPa 


i /i Pa 


! boundary 1 


JdFa 


/iPa 




<cm) 




1 0“^ 


i 10~^ 


1 (cm) I 


1 0“^ 


1 


21 S 


33-0 




1 0 . 24 


10-63 


i 33.6 ; 2 


1 1 = 96 


V = v9 


213 


34 . 5 


4 


1 0 - 93 


1 0 - 60 


; i 

t I 






213 


35- 7 


—T 


1 1 - 60 


11.17 


I 1 

! 1 

i 1 






432 


15- 5 


10 


12.24 


1 i-44 


! t 

! 17.8 S 1 


11.60 


— 


432 


16-5 




13.92 


I 0 - 6C‘ 


} i 

! » 






432 


16-7 




12=39 


I 0 . 36 


• 1 

• 1 

1 • 






517 


13-5 


7T 


15- 57 


10. 15 


1 i 

! 40.5 I 2 


13.44 


- ”6 


517 


14.5 


*T 


17-25 


10.22 


1 • 

! ) 






517 


15- 2 


O 


1 6 - 60 


1 0 . 00 


; I 

1 •. 

3 3 






633 


9-0 


4 


14- 76 


\ 0 . 29 


J 3 

1 a CT 1 -T 

i O ■ vJ 1 


1 0 = 39 


0 - 59 


6y 3 


9-5 




15.90 


i 2 - 00 


i i 

f I 






633 


10. 0 


4 


1 d a 6U 


i 0 . 64 


1 } 

t 1 






683"" 


9- 0 


13 


9 . 05 


•; 1 . 42 


! 9.0 1 S 


X -i! ■ • j* / 


0= 97 


633"""" 


9.0 


1 


10-54 


\ 


! 9.0 ! 1 


1 1 . 60 


— 



■5^ special set of data obtained while one fiber optic hydro- 
phone was not immersed- 

** special data obtained by hand to acquire the sensitivicv 
of the fiber optic hydrophones as accurately as possible- 

E, SRADIENT SENSOR SENSITIVITY 

The two individual fiber optic hydrophones discussed in 
Section D were combined into a fiber optic gradient 
hydrophone as described in Chapter III Section F-1- The 
sensitivity of the gradient hydrophone was obtained at she 
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6S3 Hz calibrator* resonant frequency. The gradient Hydro- 
phone was positioned so that one hydrophone was 5 cm above 
and one 5 cm below the pressure minima with the LC— 10 
reference hydrophone at the mini-ma itself. The instrument- 
ation system used is shown in Figure 4.9. 

The J— 1 1 projector drive voltage was increased, as in 
the individual hydrophone sensitivity data acquisition, 
until a zero crossing was located for the fundamental at a 
particular frequency. Since, the LC— 10 output voltage at a 
pressure minima was very low it could not be used in comou 
ing the gradient hydrophone sensitivity directly. Therefor 
the LC— 10 hydrophone was moved to the maxima. 10 cm from t 
water surface, while the fiber optic gradient hydrophone 
remained centered at the minima. 

The output voltage . Vlc-io, and tihe sensitivity. 

of the LC-10 were used to find the pressure i 

the followinq equation: 

= Vlc— 1 o/ Hue— 1 o \ 4 . 



The peak pressure Po or Pm^px is calculated from the 
f^oliovjing equation: 




(4 



The maximum pressure gradient V calculated from the 

following equation; 
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Figure 4.9 Block Diagram of Instrumentation System 
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VP 



kP 



(4. 25) 



or 

VP = 27T Pc/X (4-26) 

where k = 27T/X the wave number and X the wavelength 

of the resonant sound in the calibration tube- 

The sensitivity of the gradient hydrophone can be 
calculated directly by using the following equation; 

= 3-83/VP <4-27) 



where Mgm is the directly calculated sensitivity of the 
fiber optic gradient hydrophone and 3-33 is the phase shift 
in radians when the pressure gradient is sufficient to null 
the amplitude of the fundamental i nter f er ometer response. 

The units of the fiber optic gradient hydrophone sensitivity 
ar e ^ P -• ’ ■ 

The fiber optic gradient hv'dr ophone sensitivity is 
calculated indirectly by using the sensitivities of both 
individual hydrophones in the following equation: 

Mio = <01 - 02>/VP (4.2S> 



where Mid l3 
sensi t i vi ty - 




i ndi recti y cal cul ated gr adi ent hydr ophocfe 




are the phase shifts in 



the 



individual hydrophones, respectively CRef- S3, 

The phase shifts can be calculated by using the pressure 
value and the sens! t i vi t i es of each individual hydrophone: 
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0 . - 






3 — 






( 4.29 



( 4 . 30 



where Fv and P— are the pressure amplitudes at the 
individual hydrophone location and rim and Tins are the 
sensitivities ot the respective individual hydrophones « The 
linear approx i mat i on at a pressure in the standing wavs iss 

FV = VP<ci/2) (4=3i 

Substituting e qu a t i on s ( 4 . 30 ) , (4,31) an d (4=32) into (4.29 

gener at es \ 



Hid = LHmi + H»-,2l/VP (4=32 

and substituting equation (4.27) into (4.33) generates: 

Hid = + H„33/l2/Ax1 <4=33 

’where Ax = d = 10 cm. 

The di recti'/ calculated sensitivitv tor the S32»S nm 
1 n ter 9 er omet r i c fiber optic gradient hvdrophone at SST Hz 
is: 

Hc3m — O = 097 j: 0 ,011 fJL ra.d/ fJLPa . / cm = 

The average value used for Vi_c-io was 12= 46+1 « 24 mV, The 
values used for Hl_c-io and X was 34=67 X 10“*^ mV/^Pa and 
40.3 cm respect i vei y e 



The indirectly calculated sensitivity tor the gradient 
hydrophone at 633 Hz iss 

Mid = 0.111 i 0.0075 yU r ad //I Pa/cm . 

The values used Tor the individual hydrophones Mmi and 
are 10=54 X lO-^* /irad//ipa and 11.60 X 10“= /irad//ipa 
respectively. The agreement between Mcbm and Mid is well 
within experimental error. 

The fiber optic gradient hydrophone was examined for its 
ability to determine a direction of the sound source as well 
as the acoustic le'/el. E)ata was obtained for the direction”^ 
aiity of the gradient hydrophone at a resonant frequency of 
6S3 Hz in the calibration tube. The LC—IO reference hydro- 
phone was pi a.c:^d. at the pressure maximum (10 cm) and t.he 
fiber optic gradient hydrophone was centered at the pressure 
minimum (13 cm) and then rotated. For each orientation the 
J— 1 1 drive voltage was adjusted to zero the fundamental 
compo.nent of t.he gradient hydrophone output. The data in 
Table VI indicates t.hat the fiber optic g.»^adient hydrophone 
produces the predicted directional dipole response, as shown 
in Figures 4.10 and 4,11 for separate rotation runs. The 
vertical position of the hydrophone in the calibration tube 
corresponds to 90^^ in the graph, Figure 4, 12. 

F. ANALYSIS 

The material used for the mandrels in the 632. S nm 
i Piter f er ometr i c system, St yeast 1266 epoxy, was chosen for 
its low viscosity, ma.c.hi nabi 1 i ty and the material 
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TABLE VI 



Gradient Hydrophone Dipole Data 



Posl ti on 
depr ees 


1 J-11 

! drive 

i voltaqe <V) 


1 LC-10 

1 output 

1 vQltaqe (mV) 


!3.33^M,_o-x 

! Vi_c— lO 

1 rad /Pa X 1' 


0 


15. 18 


37.3 


1 . 52 


iO 


22. 75 


77.3 


1.71 


20 


14.26 


50 . 7 


2. 62 


30 


S. 55 


30 . 8 


4.31 


60 


4. 44 


16.3 


O IT" 

m X 


90 


•3. 86 


14.3 


9 , 28 


1 20 


4.61 


17. 1 


7= 75 


1 50 


9.51 


34.9 


3, 81 


180 


16.41 


60. 1 


'T* i 

jL. a X 


1 90 


26.78 


84-2 


i 

X a 


200 


1 3 . 86 


47.4 


2. HiJ 


o •>. r \ 


9,28 


33.9 


3, 91 


240 


4.46 


16. 1 


8, 27 


270 


3. 46 


12-7 


10,48 


300 


4 . 00 


14, 1 


9, 40 


330 


3.55 


29, 1 


4 , 5p 



so' 




Figura 4, 10 Fibar Optic Gnadiant Hydrophona 
0 1 r «ct i V i ty Patter n 
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< X S-a ^i-od/ 



Flgura 4. 1 1 Flbar Opt.lc Grad isn't Hydrophons 
Olrscti Vi ty Pa-t-tsm 
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rotation 




Ficrure 4.12 Fiber Ontic Gradient Hydroohone Position 
in Calibrator 
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char aciier 1 st i cs . The elastic moduli were determined by 
exciting the longi tudinal = torsional and flexural resonance 
of the bar ma.de of Stycast epoxy- These resonances wer 

excited and detected el ectrodynami cal 1 y using the technique 
of Barone and Giacommi CRef= 13 and 143. The 1 ongi tudi nal 
and flexural yielded a Young's modulus <E) of 3,23 + 0,10 X 
10““*^ Pa. The torsional mode yielded a shear modulus (G) 
of 1.16 X 10*^ Pa- The standard theory of isotropic 
elasticity yields from these values a Poisson's ratio ( 0* ' 
of 0.392 and an average Bulk modulus (S) of 4,78 X Pa 

_i_ L. £=:-/ 

From the definition of Bulk modulus. 

B = AP/(AV/V) <4.34 



one obtains 



whe 
the 
r ea 



Av/v = AP/B = 3Af/i (4.35 

e AJ? is the change in any linear dimension J? . Therefore 
■zhB.nq^ in the length of the fiber ( A J? ) is obtained oy 
ranging equation (4.36): 



AJJ = A P/3B 



For a pressure change of 1 Pa 
the chance in length is 0-697 
phase is calculated using the 



and a fiber length of 10 
nm. The chance in optical 
following e qu a t i on : 
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A0 = 27T Aji/\ 



(4.37 



The calculated change in phase Q-f the light in the -fiber 
imbedded in the epoxy material is 6,95 X 10““^ rad-, tor a 
wavelength \ o-f 632-3 nm- Theretore, the calculated 
sensitivity of the fiber imbedded in the epoxy material is 
6-95 X 10“^ ^ raid/ jji Ps.. This value is within appr ox i matel y 
40% of the measured sensitivity for the individual 
hydrophones. However , this is a.ssuming the fiber is 
uniformly surrounded by the epoxy- This is not the case- on 
one surface the epoxy material thickness is small- This mav 
account for the difference bet'ween the measured and 
calculated sensitivities- This shows the epoxy to be an 
excellent material for ruqqedness and support while not 
degrading the acoustic pressure signal - 

Analysis of the single fiber optic hydrophone sensiti- 
vity can be compared to published data iRef- 6 and 31. From 
Table V- rypical sensitivities are approx i mate! y 

fJL rad/ jJL Pa for 10 m of fiber- This results ir? a 
sensitivity of jji rs.d/ jJi Pa/m which is consistent with 

earlier obtained results CRef - 6 and Sj- This yields an 

increase in sensitiv^ity over a standard directional 
hydrophone of appr ox i mat el y 14 dB CRef. 121- 

In Section E gradient hydrophone sensitivity was 
approx i m.atel y 0-111 ^rad/^ Pa/cm ? which compares to Mills 
V a 1 ue of r Ref - 3 j - 
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UsinQ 1:hs ea.uipfnervt built: by Mills CRef. 3^? 
exhaustive data acquisition program was conducted to check 
tor depth dependency of the fiber optic hydrophones in one 



c a 1 i b 


r ati on 


tube. Appendix C gives a sample of t 


he 


data 


taken 


for a 


sen s i t i vi ty r un in the sh or t (15=24 


cm) 




cal i br ati on 


tube- The frequency was varied from 


1 00 


' to 2000 



Hz in increments of 50 Hz with the ^““ii drive and LC“”10 
output voltages recorded = The LC— 10 output voltage was 
d i v i d ed into the LC“" 1 0 s en s i t i v i t y i o times 3 . S3 radian 

then plotted against the frequenc'v. Figure 4*13 = 

This testinq vs*as conducted at several depths in the 
short calibration tube* The data showed no appreciable 
variation within exoeri mental error other tiha.n the si lent 
shifting of the hydrophone resonant frequsncy= 

0. DIFAR SEA TRIAL ANALYSIS 

An analysis of the E^IFAR data obtained durino the sea 
tria.l test compares to that published in CsRef » 121= The 

E^IFAR hydrophone^ has three oi ez oel ectr i c receivers encaseo 
in it« One is an omni —di rect i onal hydrophone. The other two 
(sc called sine and cosine) are bender vane type Qradient 
hydrophones^ The sine and cosine each produce a dipole 
pattern , oriented at to one another - 

The sea trial was conducted aboard the R/V Acania in 



^The bender vane transducer was made by Magnavox . 
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Figurg 4. 13 Dopth Ogpondoncy 



liontBrey Bay, CA. The apparatus was lowered to a depth of 
9 fTi at a location where the bottom was 100 m or greater= Th 
C^IFAF- hy'droo-hone was fnounted on the sea trial aoparatus 
described in Chapter III Section H- Figure 4-14 shows the 
i nstrumentat 1 on set up used for data acquisition. Appendix 
contains a sample of the raw data obtained during the sea 
trial test. 



Data acquisition was restricted to less than o60*=* for 
each part of the E>IFAR hydrophone, to avoid tangling nf the 
wires from the h'/drophones- The system v^ias turned clockwise 



and counter clockwise to prevent tangling. Figure 4.15 show 
the cosine dipole pattern obtained from data at a frequ.encv 
of 2000 Hz, drive voltage of 7,5 Vac and angle with respect 
to the J— 11 projector. Figure 4=16 shows similar data for 
the sine dipole pattern at 2000 Hz and 7=0 Vac drive 
voltage. Fioure 4= 17 shows- the omni data obtained at 500 Hz 
and 10=0 Vac yi el dine- the eKoected circular Dattern= E>-at-a 
was obtained for 250 Hz , 500 Hz , 1000 Hz and 2000 Hz for al 

three receivers in the DIFAR hydrophone. These tests estab- 
lished our ability to measure hydrophone charact er i sbi cs in 
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Figure 4.14 Block Diagraun of Instrumentation Package 
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Figure 4.15 DIFAR Cosine Dipole Pattern 
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Figure 4.16 DIFAR Sine Dipole Pattern 
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Figure 4.17 DIFAR Omni Dipole Pattern 



CONCLUSIONS AND RSCOMNENDAT I QNS 



VL 

Fiber optic sensors have been under consi der at i on , since 
1977, for use as hydrophones v^ith higher sensitivity than 
conventional pi ezoei ectr i cs. Using sensing coils in both 
arms ot a siach—Zehnder i nterf er ometer , a fiber optic 
gradient hydrophone was tested and shown to be useable as a 
directional dipole hydrophone:. The sensitivity of the 
i nter f er ometr i c fiber optic gradient hydrophone compares 
well with that of a conventional piezoelectric directional 
hydroohone presently used by the Nav'y. 

The sensitivities of both the individual and gradient 
hydrophones compared «wel 1 with earlier published values 
CRef, b and SI. This was proven in the laboratory using a 
calibration tubs that allowed the gradient hydroohone to 
r o t a t e = 

An eKperimentai apparatus was desioned and constructed 
tha.t proved to be capable of conducting sea tests of 
c on vers t i ona 1 and fiber ootic hydrophones. It suDOorts an 
acoustic driver and hydrophones plus any required 
electronics, in a watertight cannister. 

Further ’work is required to complete the study begurs in 
this thesis project. This includes testing of the 830 nm 
dual diode I aser gradient hydrophone constructed in this 
study. An alternative i nterf erometr 1 c system shojjid be 
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ot fiber to fiber splices 



constructed to dscres.se the nufPiber 
(fuses) required^ T.hs addition of a polarization controller 
within the 1 nter f erorneter is recofurnended , toe-ether with sooie 
form of passive stabi 1 i zati on . These improved versio.ns of 
the Gradient hydrop.hone i nter f erorneter systems should be 
tested and co.mpared with DIFAR hydrophones, both in t.he 
1 abc-»^atory and at sea.c 
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APPENDIX A 



DATA ACQUISITION PROGRAM 



10 

20 

30 

40 

50 

60 

70 

SO 

S5 

90 

95 

97 

100 

101 









OPTICAL HYDROPHONE 
COhPAR I SON CAL I B- 
BRAT I ON PROGRAM 






PROGRAM 



”ZERQ1C“ 






Revision 1 - S Jan h^ 

Revision 2 - 10 Jan 35 
110 DIM R(150) ,A<150) ,X(4) ,2<4) ,A7<64) ,A8(64) ,V(64) ,F(64) 
120 INTEGER I,J,K,N 

i INITIALIZATION 1ST 1010 

CLEAR 

I 



200 

204 

205 
210 



DISP ”This program controls a 35S2 Spectrum Analyzer and 
a 3325 Signal Source” 

220 DISP ”to measure the -frequency response of a 
hydr ophone” 



f i ber 



230 


DISP ' 


240 


DISP 


250 


PAUSE 


260 


CLEAR 


290 


i 


300 


' Set 


30 1 


1 


310 


CLEAR 


320 


DISP 


330 


DISP 


340 


DISP 


350 


DISP 


360 


DISP 


370 


"ChQQ' 


330 


INPUT 


399 


1 


400 


DISP 


i n i 


Hz" 


410 


INPUT 


415 


DISP 



Set Sens! ti vi ty 



" SENSITIVITY CODES” 
”2-30V 5-lOOOmV e-30mV” 
”3-10V 6-300mV 9-lOmV” 

”4- 3V 7-lOOmv 10- 3mv” 



UISP ”Enter initial and final frequencies and step size 



1 10 



420 DISP "Enter maximum drive voltage in millivolts r.m.s." 
430 INPUT A9 



435 CLEAR 

2440 N=INT( (F2-F1) /F3) H-1 
445 IF N>64 THEN GOTO 5100 
450 OUTPUT 717 
460 OUTPUT 711 
470 OUTPUT 711 
480 OUTPUT 711 
490 OUTPUT 711 



; "FUIAMIMR" 

; "PR3" 

; "AS"; Al; "BS":B1; 
; "MD3MP125NU4AV4" 
; "SCI" 



"MNISPIO" 



599 ! 

600 ! **■«•*•*■***•«■**-)<■****■)(■»*** FREQ. LOOP **-**-^**************** 



601 ! 

610 FOR 1=1 TO N 

620 F(I)=F1+<I-1)*F3 

630 OUTPUT 717 ; " FR " , F ( I ) , " HZ " 

640 OUTPUT 711 : " AB " * F < I ) 

650 GQSUB 1000 
660 NEXT I 
670 GOTO 2000 

999 ! 

1000 •!*•***********■!*■** BESSEL MAX SUBF;OUTINE *******■<•****-<*■** 



lOOl ! 



1003 PRINT " " 

1006 PRINT " ";F(D;" Hz DATA" 

1007 PRINT " " 

1010 PRINT " Jll(mV) OUT (mV)" 

1020 J=1 @ A(1)=D © R(0)=0 © R3=0 
1 030 OUTPUT 717 ; " AM " , A < J > , " MR " 

1040 OUTPUT 711 ; "RE" 

1050 WAIT 13000 

1080 OUTPUT 711 ;"LMK" 

1090 ENTER 711 ; R(J) 

1100 PRINT USING 1110 ; A ( J ) , R ( J ) *1000 

1150 IF R(J)>R(J-1> THEN GOTO 1240 

1160 IF J<5 THEN GOTO 1210 

1170 IF J<N+1 THEN GOTO 1210 

1 1 80 IF R ( J ) >R ( J- 1 ) THEN GOTO 1 260 

1190 GOTO 1300 

1210 A(J*1)=A(J)+D 

1215 IF A(.J + 1)>=A9 THEN GOTO 5000 
1220 J=J+1 
1230 GOTO 1030 

1240 IF R3>R(J) THEN GOTO 1260 
1245 R3=R(J) © N1=J © A2=A(J) 

1250 GOTO 1210 

1260 PRINT "ERROR— Bessel -function not working change drive 
amplitude increment" 

1265 PRINT "For Frequency ", F ( I ), "Hz " 

1270 goto 660 
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Parabolic Fit 



1299 

1 300 

1301 
1305 
1310 
1320 
1 330 
1 340 
1350 
1 360 

1399 

1 400 

1401 

1402 

1403 

1404 

1405 

1407 

1408 
1410 
1420 
1 430 
1 440 
1450 
1460 
1470 
1480 
1490 
1 500 
1510 



1540 
1 550 
1 560 
1570 
1580 
1 590 



B5=<2*(R(Nl+2)-R(Nl-2) ) +R (^41 + l ) -R (Nl-1 ) ) / 10 
A4=(2*(R(Nl+2>+R(Nl-2)-R(Nl> > -R (Nl + 1 > -R (Nl-1 ) > / 14 
A0= A2-B5/ ( 2* A4 ) *D 
X(1)=INT(1.873*A0) 

1 <2)=ir'4T(1.977*A0) 

X (3) =INT(2. 185*A0) 

X (4)=I^4T<2.289*A0) 



BESSEL ZERO 



XI , X2, Z1 , Z2, X3=0 



DISP 

DISP " Bessel Zero Loop 
DISP ■■ Jll at max =";A0;" mV" 
DISP " " 



DISP 
FOR K=1 TO 
OUTPUT 717 
OUTPUT 711 
WAIT 13000 
OUTPUT 711 
EiNTER 711 
OUTPUT 711 



J 1 1 ( mV ) 
4 



OUT (mV) LClO(mV) 



"AM"; X (K) 
"RE" 



"MR" 



"LMK" 

Y (K) 

; "IM3AA0BlAV2h4U2RE" 



WAIT 4500 

OUTPUT 711 :"LMK" 
ENTER 711 ; Z(K) 

X1=X1+X(K) 

X2=X2+X (K)*X (K) 



X3=X3+X (K) * 1 (K) 



Z1=Z1+Z (K> 

Z2=Z2+Z (K) *Z (K) 

OUTPUT 711 ; " I M 1 AA 1 AB0AV4NU4 " 

DISP USING 1 580 ; X ( K > , 1 000* Y ( K ) ,1 000* Z ( K ) 
IMAGE 2X,5D,5X,2D.3D,4X,3D.D 
NEXT K 



1600 ! Zero crossing calculation STORE "zEROll" 
1610 B=(Y(1)-Y(2> ) / (X (1)-X (2) ) 

1620 C=Y<1)-B*X(1> 

1630 A5=(-C)/B 

1640 B=(Y(3)-Y(4> )/<X(3)-X(4) ) 

1 650 C= Y ( 4 ) -B*X ( 4 ) 

1660 A6= (— C) /B 

1 670 A7 (I ) = ( A5+A6 ) /2 

1 630 A3 ( I > = ( A5- A6 ) / < 2*A7 ( I ) ) 

1700 i LC— 10 L. R- Interpol at i on 

1710 ! V (LC-10)=M*A7 + P 

1720 M=(X3-Xl*Zl/4) / < X2-X 1 *X 1 /4) 



i> ai cn iji iji 



1730 

1740 

1741 

1742 
1 750 
1760 
1763 
1770 
1780 
1790 
1 800 

1999 

2000 
2010 
2020 
2030 
2040 
2050 
2060 
3000 

4997 

4998 

4999 
000 
010 
1 00 



1 10 
000 



P=Zl/4-M*Xl/4 
V ( I ) =ri*A7 ( I ) +P 

R2= (X3-Xl*21/4)--2/ ( <X2-Xl*Xl/4) * ( 22-Z 1 *Z 1 /4 ) ) 
Ri=SQR(R2) 

DISP " " 

DISP “Fiber zero when drive” 

DISP A7 < I ) ; " mV +- ” : 1 00* A8 ( I) ; “ 7. " 

DISP " LC- 1 0 zero ” ; 1 000*V < I ) ; " m V " 

DISP "r=";Rl 

COPY 

RETURN 

i 

i **************** OUTPUT AND DISPLAY **************** 

I 

PRINT " Freq J-li LC-iO ERROR (7.)“ 

FOR 1=1 TO N 

PR I NT US I NG 2050 ; F < I ) , A7 ( I ) , 1 000*V < I ) , 1 00*AS ( I ) 

IMAGE 2X , 4D , 2X , 5D , 2X , 4D . D , 4X , M3D . 2D 

NEXT I 

END 

i 

] 

DISP "Required drive voltage exceeds ";a9;“ mV" 

I = I-j-l <1 GOTO 620 

DISP "Program will only make measurements at 64 
f r equenci es" 

GOTO 400 
Er-4D 
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APPENDIX B 



RAW DATA FOR SINGLE FIBER OPTIC HYDROPHONE AT 517 HZ 



1 Drive 1 
ape (mV ) \ 


Fundamental 

<mV) 


1 1*^ Harmonic 1 

! (mV) ! 


LC-10 

(mV) 


iOO 


0.717 


0.065 


0 , 646 


200 


1 . 35 


0.243 


1.29 


300 


1 = 63 


0. 406 


1.92 


400 


1.75 


0. 530 


2.55 


500 


2,00 


0 . 680 


3= 17 


600 


2. 14 


0.844 


3.77 


700 


2. 17 


1 . 04 


4. 3S 


800 


1.92 


1. 17 


4.97 


900 


1.83 


1.36 


5.56 


1 000 


1.54 


1 . 43 


6= 14 


1 100 


1,15 


1 . 44 


6.76 


1 200 


0 . 723 


1.42 


7.-36 


i 300 


0.364 


1.39 


7.95 


i 400 


0. 176 


1 . 16 


8. 53 


1500 


0.460 


1.01 


9. 12 


1600 


0.842 


0.730 


9.71 


1700 


0 . 957 


0.470 


10.3 


1 SOO 


1 . 12 


0.211 


10.3 


1900 


1 . 14 


0 . 064 


11.4 


2000 


1.24 


0. 333 


12=0 




Second 


Run D-f Data 




1500 


0 .407 


0.959 


9= 12 


1490 


0.382 


1 . 1 0 


9= 06 


1430 


0 . 343 


1 . 10 


9.01 


1470 


0.309 


1 . 15 


S- 95 


1460 


0 . 266 


1 . 08 


8. 89 


1450 


0.214 


1 . 04 


8= 84 


1440 


0. 139 


1 . 05 


8. 78 


1 430 


0. 149 


1 . 07 


S.72 


1 420 


0. 1 10 


1 . 16 


3.65 


1410 


0 . 099 


i . 23 


3 . 60 


1 400 


0.078 


1.34 


3.54 


1390 


0 . 068 


1.37 


3.43 


1330 


0=081 


1 . 50 


3=42 


1 350 


0 . 1 83 


1 . 44 


8.25 


1300 


0.398 


1 . 48 


7=95 



14 



Dr i VB 1 
lqb (mV) 1 


F Lind amen t a 1 
(mV) 


I 1 Harmonic 1 

1 (mV) 


LC- 1 0 

1 ( mV ) 


1200 


0. S30 


1 . 72 


7.36 


1 1 00 


1.25 


1 . 75 


6. 77 


1 000 


1 . 60 


1.73 


6.16 


900 


2x 05 


1.66 


5.53 


SOO 


2. 20 


1 . 49 


4.97 


700 


2- 34 


1.2B 


4- 33 


600 


2 . 23 


1.10 


3- 77 


500 


2.33 


0 . 969 


3.16 


400 


2.04 


0.751 


2. 54 


300 


1.93 


0 • 55o 


1 - 91 


200 


1.53 


0.316 


1-23 


100 


0. 737 


0 . 084 


0-647 






Third Ruin 




650 


2-41 


1.28 


4 - 03 


1390 


r-, 1 


1 . 90 


S= 47 


1 335 


0 . 09 1 


1 - 45 


3-43 


1 3S0 


0. 114 


1.49 


3 . 40 


1 395 


0. 1 15 


1-63 


3- 49 


1 390 


0. 069 


1-55 


3- 46 


1337 


0- 106 


1.61 


3. 44 


1392 


0. 103 


1 , 


8- 47 


1 390 


0 . 073 


1 . 76 


3. 45 



APPENDIX C 



DEFTH DEPENDENCY DATA 



quency 1 
<Hz) I 

t 

1 

1 

i 


J - 1 1 1 

drive 1 

voltage ! 

<mV) 


LC-10 1 

output 1 

voltage \ 

(moT ! 


“/- Error 


: 3. 

i V^I_C3— lO 

I jJLr&d/ JJi \ 
! X 10-= 


1 00 


1693 


13. 4 


0.21 


9.91 


150 


2120 


19. 0 


5. IS 


6.99 


200 


2356 


23. 1 


i. 15 


5.74 


250 


365 


3.9 


*322. 31 


34.05 


300 


2173 


23. 9 


0.50 


5.56 


350 


1941 


1 


1.51 


5.61 


400 


1919 


23 . 5 


0. 16 


5 . -fj 5 


450 


1705 


23. 8 


0.61 


5. 58 


500 


1476 


24.7 


1 . 09 


5.38 


550 


1112 


26 . 3 


0. 35 


5 . 05 


600 


679 


24. 7 


0 . 93 


5 = 38 


650 


533 


24 . 0 


0. 10 


5 . 53 


700 


1009 


19.5 


0 . 50 


-b . cl- 1 


750 


33S7 


31.7 


2.24 


4. 19 


aoo 


315S 


17.2 


0 . 49 


7. 72 


S50 


3395 


11.4 


1 . 30 


11. 65 


900 


2904 


5.4 


0.38 


24.5^ 


950 


1539 


1.5 


2. 16 


88. 53 


1000 


1340 


1.3 


1 . 06 


102. 15 


1050 


1256 


3. 1 


1 0 . 3 1 


42.84 


1 100 


1511 


8.8 


0.36 


15, 09 


1 150 


4773 


21.5 


0.26 


6. 13 


1200 


6127 


18.8 


1 . 43 


7 . Od 


1250 


^328 


2d . o 


4. 33 


4. 6 A 


1300 


13150 


87.8 


*41.16 


1 = 51 


1350 


1S216 


77. 7 


1 . 89 


1.71 


1400 


1 1 256 


36 . 0 


2. 18 


3. 69 


1450 


10521 


27 2 


2. 13 


4.38 


1500 


10876 


23.9 


0. S3 


O . Od 


1550 


11796 


22.5 


0 . 47 


5. 90 


1600 


1 1 80 1 


20. 0 


0 . 64 


6.64 


1650 


10506 


16.5 


0.74 


S.05 


1700 


8410 


10. 5 


0 . 90 


12. 65 


1750 


1 0903 


7.6 


0 . 28 


17.47 


1800 


9883 


9.0 


12.99 


14=76 


1850 


8359 


9.5 


0.25 


13. 93 


1 900 


8359 


8.2 


1 . 73 


16 = 19 


1950 


6700 


7.0 


1 . 35 


18.97 


2000 


5402 


6. 1 


0. 10 


21.77 



* Data has high % error therefore is discounted as true data 
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APPENDIX D 



DIFAR SEA TRIAL DATA 



Angle 

(dearee) 


! Vpar 

! X 10-^ (Vac) 


I* Vdmm 

! X 10“=2 (Vac) 


34 


2.5855 


2-5513 


37 


2,5800 


2.5762 


39 


2.5759 


2- 5356 


42 


2.5614 


2.3631 


44 


2.5430 


2.2685 


47 


2.5152 


2- 3035 


50 


2.4811 


2. 4444 


52 


2.4463 


2- 5255 


55 


2.4053 


2-5705 


tj7 


2.3487 


2.5450 


60 


2.3044 


2. 4248 


63 


2.2463 


2. 3535 


65 


2- 1329 


2. 2920 


68 


2- 1207 


.• 1 . . .•!. 


70 


2.0603 


2.2561 


73 


1.9841 


2.3169 


76 


1.9018 


2.4726 


73 


1 . 8226 


2.5412 


81 


1 . 7338 


2. 4644 


34 


1 - 6397 


2.5959 


86 


1 . 5378 


2.4394 


89 


1 . 4508 


2- 2T26 


92 


1 - 3580 


2-2293 


94 


1 . 2579 


2.4073 


97 


1 . 1667 


2. 5276 


1 00 


1.0614 


2.3952 


102 


0.9529 


2. 4216 


105 


0 . 8445 


2- 4665 


103 


0. 7432 


2- 5002 


ill 


0. 6283 


2. 481 1 


113 


0-5103 


2-3950 


1 14 


0- 3910 


2-4176 


117 


0.2769 


2.3816 


120 


0. 1597 


2- 1926 


1 2"^ 


0. 0654 


2-3710 


125 


U » u656 


2- 4448 


128 


0- 1632 


2-4172 


1 30 


0-2641 


2. 2845 


133 


0.3305 


2.5773 


135 


0-3953 


2.5712 
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Ang 1 s 
( deorgg > 
138 
140 
143 
147 
151 



1 

154 
156 
159 
164 
164 
1 66 
169 
172 
174 
177 
179 
182 
185 
187 
190 
192 
196 

199 

200 
204 
206 
208 
211 
216 
217 
219 
22 1 
224 
227 
231 
233 
235 
237 
240 
242 
247 
250 
252 
254 
259 
261 
263 



Vpar 

X IQ-i (Vai-> 
0. 5019 
O. 6136 
0.6197 
0.6118 
O. 7150 
0. 8833 
1 . 0601 
1.1816 
1 . 2892 
1 . 3784 
1 . 5082 
1 . 6446 
1 . 7541 
1 . 8360 
1 . 9245 
1 . 9578 
2 . 0334 
2. 1058 
2. 1848 
2. 2577 
2.3074 
2. 3525 
2. 4034 
2.4412 
2.4582 
2. 4780 
2. 4899 
2.4968 
2. 5006 
2. 4959 
2.4917 
2.4746 
2.4615 
2.4466 
2. 4379 
2. 4134 
2. 3780 
2. 3359 
2. 2870 
2.2356 
2. 1891 
2. 1350 
2. 0862 
2.0235 
1 . 8590 
1 . 7992 
1 . 7480 
1 . 6842 



Vdmm 
X 10-s 

2.2253 
2. 6355 
2. 8091 
2.2455 
2.3271 
2. 3936 
2. 3988 
2. 3392 
2.6026 
2.3673 
2. 4604 
2.5369 
2.4270 
2.2392 
2.2375 
2.2886 
2.2792 
2.3618 
2 . 5467 
2 . 6160 
2.6118 
2.5841 
2.5713 



2 . 5535 
2. 5307 
2. 4681 
2. 3146 
2. 2189 
2.2212 
2.2982 
2. 4843 
2. 4309 
2.5169 



2. 5603 
2. 4671 
2 . 3593 
2. 2976 
2. 3100 
2.3595 
2.4043 
2.4694 
2 . 5000 
2. 5400 
2. 5616 
2 . 3225 
2. 3441 



1585 

2635 



1 18 



Ang 1 e 
(dearse) 


Vpar 

X 10-^ <Vac) 


! Vdmm 

! X 10-== (Vac) 


265 


1.6061 


2. 4833 


269 


1-5249 


2 . 5305 


273 


1.4551 


2.5579 


274 


1 . 3735 


2.5136 


274 


1 . 2953 


2.3275 


277 


1 . 2037 


2. 1340 


279 


1. 1 103 


2. 1304 


282 


1 . 0043 


2.2364 


284 


0.8929 


2.4969 


287 


0.7956 


2.5444 


289 


0. 6875 


O nr jzr 


'noo 


0.5774 


2. 4960 


295 


0, 4654 


2.3609 


297 


0.3623 




299 


0. 2495 


2. 4472 


700 


0. 1347 


2. 5203 


304 


0. 0364 


2.5306 


307 


0. 1016 


2. 6130 


310 


0.2158 


2. 4719 


312 


0. 3325 


2. 21 14 


315 


0. 4497 


2 . 1 1*6 / 


319 


0 . 5540 


2.2376 


326 


0 . 6620 


2. 4356 


327 


0. 7702 


2.5362 


323 


0. 9475 


2. 4494 


330 


1 . 0429 


2.3248 


332 


1. 1364 


2. 2500 


334 


1 . 2390 


O "TO < "7 

.C. - J. / 


336 


1 . 3294 


2. 4754 


338 


1.4261 


2. 45SS 


341 


1.5142 


2 ^ 5323 


343 


1 . 6001 


2.5509 


346 


1 . 7350 


2.3931 


351 


1 . 8793 


2.3582 


354 


1 . 9975 


2-4171 


-Jr* w 


2. 0864 


2 . O ' 7 


358 


2. 1438 


2.5116 



Cosine i OOOB r un 

1. Spectrum Analyzer setting 250 mvac 
2- Time Constant iOOO amsec 
s J — 11 E>rive voltage 5 Vac 
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